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Introduction 


The  papers  included  in  this  final  report  describe  in 
detail  the  research  on  stimulated  Raman  emission  and  absorp¬ 
tion;  as  well  as  on  normal  Raman  spectroscopy,  carried  out  at 
the  Department  of  Physics,  University  of  Toronto  in  the  period 
1  June  1965  to  31  August  1969. 

The  main  research  centred  on  the  comparison  of  experi¬ 
mental  gain  measurement?  with  theory.  Towards  this  end, 
materials  were  chosen  in  which  the  stimulated  Raman  effect 
was  the  dominant  process.  These  included  liquid  0^,  N^,  and 
a  crystal  of  diamond.  The  normal  Raman  llnewidths  were  mea¬ 
sured  using  He-Ne  6328  X  excitation  and  a  Fabry-Perot 
spectrometer.  Intensities  of  normal  and  stimulated  Stokes 
radiation  were  measured  and  very  good  agreement  with  theory 
was  obtained. 

Several  problems  concerned  with  the  angular  distribution 
of  Stokes  and  anti-Stokes  radiation  were  undertaken.  Diamond 
was  found  to  be  an  ideal  material  for  this  study.  Again,  the 
results  were  in  good  accord  with  theory.  Also,  ’surface' 
radiation  in  the  Raman  emission  from  filaments  was  observed 
in  liquid  mixtures  and  this  showed  the  same  angular  distri¬ 
bution  as  Cerenkov  radiation. 

A  brief  study  of  the  duration  time  and  biref riigence  of 
filaments  in  liquid  CSj  was  undertaken.  Also,  frequency 


ii. 


broadening  by  a  short  light  pulse  was  investigated  and  ex¬ 
plained  hy  phase  modulation  of  the  intensity-dependent  re¬ 
fractive  index  in  filaments*. 

Techniques  were  also  developed  which  may  be  of  impor¬ 
tance  in  Raman  spectroscopy.  Raman  scattering  in  the  forward 
direction  was  shown  to  be  free  from  Doppler  broadening  and  ^n 
effective  resolution  of  _  0.04  cm”1  was  achieved.  This  is  a 
factor  of  10  improvement  over  earlier  work.  High-speed  Raman 
spectroscopy  was  shown  to  be  possible  using  the  inverse  Raman 
effect  and  complete  Raman  spectra  of  liquids  and  solids  were 
phetographed  in  times  as  short  as  40  x  10  ^  sec. 


Volum*  >9,  Number  19 


PHYSICAL  REVIEW  LETTERS 


d  Novekbeb  1967 


FREQUENCY  BROADENING  IN  LIQUIDS  BY  A  SHORT  LIGHT  PULSE* 

Fujio  Shimizut 

Department  of  Physics,  University  of  Toronto,  Toronto,  Canada 
(Received  15  September  1967) 

Several  authors  have  reported  the  observa-  been  difficult,  because  the  broadening  is  usu- 

tions  of  frequency  broadening  in  filaments  which  ally  irregular  and  the  observation  of  the  spec- 

were  produced  by  the  self-focusing  of  a  Q-  trum  in  filaments  is  obscured  by  the  strong 

switched  laser  in  liquids.1'*  This  broadening  background.  We  report  here  the  observation 

has  been  attributed  to  the  generation  of  new  of  the  frequency  broadening  in  a  filament  with 

frequency  components  through  an  intensity-de-  short  duration  time,  under  such  experimental 
pendent  refractive  index  and  stimulated  Ray-  conditions  that  the  intensity  of  the  stimulated 

leigh  scattering.1'*  Theories  of  the  frequen-  Raman  emission  ir  the  filament  is  much  less 

cy  broadening  in  an  optical  pulse  by  an  inten-  than  that  of  the  laser.  The  structure  of  the 

sity-dependent  refractive  index  have  been  giv-  frequency  spectrum  shows  a  pattern  which  can 

en  in  connection  with  the  pulse  distortion.*’*  be  explained  by  phase  modulation  through  the 

But  comparison  of  experiment  with  theory  has  intensity -dependent  refractive  index. 
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A  ^-switched  ruby  laser  beam  with  diame¬ 
ter  3  mm  was  used  to  produce  filaments  in 
a  carbon  disulfide  liquid  cell  of  7.5  cm  length. 
The  intensity  distribution  of  the  light  at  the 
end  of  the  cell  was  projected  on  the  entrance 
slit  of  a  spectrometer  using  a  5.2-cm  focal- 
length  lets  with  magnification  of  17 .  In  order 
to  eliminate  the  nonscattered  part  of  the  laser 
beam  from  that  in  filaments,  a  wire  with  di¬ 
ameter  of  1  mm  was  placed  at  the  focusing  point 
of  the  lens  perpendicularly  to  the  slit  of  the 
spectrometer.  The  entrance  slit  was  wide  open 
(about  2  mm).  The  resolution  of  the  spectrum 
was  determined  from  the  magnitude  of  the  im¬ 
age  of  the  filament.  The  laser  beam  was  com¬ 
posed  of  four  vr  five  groups  of  axial  modes, 
the  separation  of  the  groups  being  approximate¬ 
ly  0.45  cm”1.  With  this  mode  structure  the 
intensity  of  the  laser  beam  changes  consider¬ 
ably  within  the  time  interval  1/A  v  where  Ap 
is  the  total  spectral  width.  Therefore  at  rel¬ 
atively  low  laser  power  the  duration  time  of 
the  filament  is  expected  to  be  10”u  sec  or  less. 
(In  the  present  experiments  the  laser  power 
was  kept  lower  than  50%  above  threshold  for 
observations  of  optical  trapping.)  The  total 
energy  of  a  filament  estimated  from  the  photo¬ 
graphic  emulsion  sensitivity  is  less  than  10”7 
J.  Since  the  threshold  for  optical  trapping  in 
carbon  disulfide  is  approximately  2  to  20  kW,T 
this  energy  also  leads  to  a  duration  time  of 
the  order  of  10”u  sec. 

Typical  .spectra  of  the  individual  filaments 
in  carbon  disulfide  are  shown  in  Fig.  1.  A 
regular  periodic  structure  is  observed  in  the 
low-frequency  side  of  the  broadening  in  every 
filament,  when  the  broadening  is  smaller  than 
the  Raman  shift.  The  period  in  a  filament  in¬ 
creases  linearly  with  the  amount  of  the  broad¬ 
ening  from  the  center.  The  average  period 
for  most  filaments  is  10  ±3  cm-1  irrespective 
of  the  total  magnitude  of  the  broadening.  The 
ratio  between  the  intensity  maxima  and  mini¬ 
ma  is  at  least  10.  Most  of  the  energy  (about 
90%)  lies  in  the  low-frequency  side.  The  over¬ 
all  intensity  is  fairly  uniform  throughout  the 
low-frequency  side  with  an  intensity  maximum 
at  the  low-frequency  extremity.  In  moot  cas¬ 
es  an  intensity  peak  is  also  observed  at  the 
laser  frequency  itself.  A  periodic  str  icture 
but  with  larger  spacing  in  also  observed  in  the 
high-frequency  side.  The  structure  is  smeared 
out  when  the  low -frequency  broadening  is  rel¬ 
atively  large. 


FID .  1.  S  tra  of  filaments  in  CS,  excited  with  a 
single  laser  pulse.  The  vertical  structure  is  produced 
by  individual  filaments  occurring  during  the  pulse. 

The  frequency  broadening  (and  periodic  structure)  is 
displayed  in  the  horizontal  direction  and  is  evidently 
different  for  each  filament.  The  image  of  the  slit  and 
the  low-frequency  side  of  the  spectrum  (at  left)  are  at¬ 
tenuated  by  factors  of  41  and  3,  respectively,  in  com¬ 
parison  with  the  high-frequency  side  of  the  spectrum. 
(Some  of  the  vertical  fine  structure  within  each  fila¬ 
ment  is  caused  by  diffraction  by  the  masking  wire 
placed  at  the  focus  of  the  objective  lens.) 


The  regular  periodic  structure  was  usually 
observed  only  when  the  total  spectral  width 
of  the  laser  radiation  was  fairly  large.  When 
filaments  were  produced  by  a  laser  with  only 
two  axial  modes  (separated  by  0.8  cm”1),  the 
spectra  of  the  filaments  had  a  strong  nonshift  - 
ed  center  and  were  accompanied  by  a  strong 
Raman  Stokes  spectrum.  The  structure  in  the 
spectrum  was  usually  not  as  regular  as  observed 
in  Fig.  1.  When  a  single-mode  laser  was  used, 
only  a  slight  broadening  wa  observed. 

DeMartini  et  al.*  have  discussed  pulse  dis¬ 
tortion  by  the  intensity -dependent  refractive 
index  and  have  given  examples  of  the  numer¬ 
ical  calculation  of  the  frequency  broadening 
where  the  distortion  is  fairly  large.  Since  the 
amount  of  broadening  in  the  present  experiment 
is  at  most  5%  of  the  laser  frequency,  we  hi  ve 
treat  the  frequency  broadening  in  the  lowest 
order  approximation  neglecting  the  distortion 
of  the  intensity  envelope.  We  will  also  discuss 
the  mechanism  of  the  periodic  structure  observed. 
The  frequency  broadening  occurs  through  the 
phase  modulation  which  is  the  result  of  the 
inhomogeneous  phase  velocity  within  a  pulse. 

After  a  light  pulse  travels  a  distance  L  in  the 
liquid,  its  phase  is  modulated  by  the  intensi  - 
ty -dependent  refractive  index,  as 

*  (-V"o)i5w> 

where  k0  is  the  wave  vector  of  the  initial  laser 
beam  in  vacuum  and  6n  is  the  change  in  the 
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refractive  index  given  by 

to -&/ 1  dr(E2(l))t~{l~r)/7. 

f  --  —CQ 

In  the  above  expression  r  is  the  relaxation  time 
and  w,\F*)  is  the  stationary  value  of  the  inten¬ 
sity-dependent  refractive  index.  As  an  extreme 
case,  if  t  =  0,  the  instantaneous  frequency  shift 
dt  is  proportional  to  -d(J£2)/dt  and  the  fre¬ 
quency  broadening  occurs  on  either  side  of  the 
center  frequency.  On  the  other  hand,  if  r  is 
sufficiently  iarge,  dto  dt  is  proportional  to 
~(Eai  and  the  frequency  broadening  occurs  on¬ 
ly  to  the  low-frequency  side.  The  explanation 
of  the  periodic  structure  follows  from  a  gen¬ 
eral  consideration  of  a  phase  modulated  wave. 
When  the  broadening  is  much  iarger  than  the 
inverse  of  the  duration  time  of  a  pulse,  the 
main  contribution  to  the  Fourier  transform 
of  £'(/),  jE(.')exp{-/(w0  +  5u>)t}dt,  at  a  particu¬ 
lar  cmgular  frequency  w0+  comes  from  the 
integrals  around  the  points  at  which  the  instan¬ 
taneous  frequency  shift  dtoojdt  is  equal  to  5w. 

For  a  pulse  with  a  simple  intensity  envelope 
the  condition  dfop/dt  -  is  satisfied  at  two 
points  /j  and  lt,  for  6w  <0.  If  we  write  values 
of  integrals  for  these  two  parts  as  /4  exp(/ij) 
and /,exp(/a  ?),  respectively,  the  power  spec¬ 
trum  is  proportional  to  //+  /1*  +  2/1/,cos(vJ- 
ifcj),  where  ii,-^  is  expressed  approximately 
by 

!lt-il!‘{to>{tt)-to,{tl)}-{t1-tl)toi. 

The  right-hand  side  of  this  expression  is  a 
steadily  Increasing  function  of  with  positive 
second  derivative.  Therefore  the  interference 
term,  2/l/tcos(;,a-41),  produces  aperiodic  struc¬ 
ture  in  the  spectrum  with  increasing  spacing 
towards  the  low-frequency  side.  It  can  also 
be  shown  that  the  spectrum  has  its  intensity 
maximum  at  the  low-frequency  extremity  where 
the  derivative  of  dtup/dt  equals  zero.  If  the 
pulse  is  symmetric,  the  minimum  intensity 
in  the  periodic  structure  will  be  exactly  zero. 
Although  this  is  not  the  case  for  the  pulses 
in  Fig.  1,  we  may  conclude  that  the  pulse  is 
not  extremely  asymmetric,  because  the  ob¬ 
served  ratio  between  the  intensity  maxima  and 
minima  is  at  least  10.  The  duration  time  of 
the  filament  is  approximately  the  inverse  of 
the  average  period  in  the  low-frequency  side, 
and  is  determined  to  be  6 x  10-w  sec.  The  high- 
frequency  side  can  also  be  periodic,  if  r  is 


short  enough  compared  with  the  duration  time 
of  the  pulse. 

In  order  to  determine  precisely  the  behavior 
of  t  ie  broadening,  more  accurate  measurements 
are  necessary.  Several  factors,  such  as  the 
temporal  change  in  the  intensity  of  the  pulse 
and  the  deviation  from  the  assumption  of  the 
simple  relaxation  time,  which  are  not  includ¬ 
ed  in  the  above  analysis,  should  be  taken  into 
account.  A  pulse  with  shorter  duration  time 
would  be  useful  in  order  to  study  the  dynamic 
behavior  of  the  intensity -dependent  refractive 
index  in  liquids. 

It  should  be  noted  that  among  the  liquids  in¬ 
vestigated  (carbon  disulfide,  toluene,  benzene, 
nitrobenzene,  and  mesitylene),  the  regular 
periodic  patterns  were  observed  in  every  fil¬ 
ament  in  carbon  disulfide  only  (also  in  some 
filaments  in  toluene).  In  all  of  these  liquids, 
except  carbon  disulfide,  a  strong  stimulated 
Raman  emission  was  observed  in  each  linear 
filament  and  the  laser  spectrum  was  either 
broad  and  irregular  or  very  narrow.  These 
observations  can  be  explained  if  in  carbon  di¬ 
sulfide  the  laser  pulse  is  not  distorted  appre¬ 
ciably  by  other  nonlinear  effects,  such  as  stim¬ 
ulated  Raman  scattering,  during  the  process 
of  frequency  broadening.  In  comparison  with 
the  other  liquids,  carbon  disulfide  has  a  large 
intensity -dependent  refractive  index  (and  the 
relaxation  time  for  the  relevant  process  is 
short).  On  the  other  hand,  carbon  disulfide 
has  a  relatively  large  gain  for  stimulated  Ra¬ 
man  scattering.  However,  this  large  gain  is 
mainly  due  to  the  extremely  narrow  linewidth 
(-0.48  cm-1).*  When  the  stimulated  Raman 
effect  is  excited  by  a  pulse  with  a  duration  short 
compared  with  the  relaxation  time  for  the  Ra¬ 
man  process,  the  amplification  is  determined 
by  the  Raman  cross  section  which  is  not  so 
large  in  carbon  disulfide  compared  with  that 
in  other  liquids.  Furthermore,  since  carbon 
disulfide  has  a  large  dispersion,  the  laser  and 
Raman  Stokes  waves  cannot  long  retain  their 
favorable  phase  relation  for  maximum  ampli¬ 
fication  of  the  Sto?;es  wave.  For  these  reasons, 
it  is  believed  that  distortion  of  the  laser  pulse 
is  a  minimum  in  carbon  disulfide  and  results 
in  the  observed  frequency  broadening. 

The  author  is  greatly  indebted  to  Professor 
B.  P.  Stoicheff  for  valuable  discussions  and 
for  assistance  with  the  manuscript  and  to  Mr. 

A.  K.  McQuillan  for  assistance  with  some  of 
the  experiments. 
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Angular  Distribution  of  “Surface”  Radiation  in  Stimulated 
Raman  Scattering 

Abstract— Anti-Stokes  emission  in  sharply  defined  cones  has 
been  observed  from  fine  filaments  in  a  mixture  of  acetone  with  S  to 
10  percent  CS;.  The  cone  angle  is  in  agreement  with  the  momentum- 
matching  condition  ','iat  the  longitudinal  but  not  the  transverse 
components  sum  to  zero. 

The  emission  of  anti-Siokea  radiation  during  tho  stimulated 
Unman  process  is  known  to  occur  in  two  specific  directional  distribu¬ 
tions  which  are  strongly  dependent  on  the  experimental  conditions. 
One  type,  the  Class  l  distribution,  lets  been  observed  in  calcite.l'l 
in  diamond, id  and  in  several  liquidsl3!  when  suitable  feeilback  of 
Stokes  radiation  is  present,  and  is  in  good  agreement  with  theory, 
A  aeeotnt  ilistriu-'lion  \Ct;iss  T'i j  has  been  uoseivcci  m  uiaoy 
ltquids;lJld't!  it  occurs  at  larger  angles  than  the  Class  I  but  is  not. 
well  understood. 

A  distribution  of  anti-Stokes  emission  different  from  Class  I  and 
nrising  from  “surface”  radiation  has  been  proposed  by  SzbkeJd  In 
stimulated  l!aman  emission,  "surface-”  radiation  nt  the  anti-Stokes 
frequency  may  be  generated  from  laser  ami  forward -directed  Stokes 
radiation.  The  anti-Stokes  emission  is  at  an  angle  8,  given  li;  the 
equation 

A,  00$  6  =  2A„  —  A.,  (1) 

where  Ao,  A  ,  and  A,  are  the  wave  vectors  of  the  laser  and  first-order 
Stokes  and  anti-Stokes  radiation.  This  relation  implies  that  the 
longitudinal,  but  not  the  transverse,  components  of  the  phase 
velocities  sum  to  zero, 1*1  a  condition  which  could  be  satisfied  u.neti 
Stokes  radiation  is  strongly  directional  and  parallel  to  the  incident 
laser  wave,!*!  as  would  be  the  ease  for  Stokes  radiation  in  a  filament. 

We  repui t  here  the  observation  of  "surface”  radiation  in  stimu¬ 
lated  Raman  scattering  with  mixtures  of  acetone  and  carbon 
disulfide.  We  have  observed  first-order  anti-Stokes  emission  in 
sharply -defined  cones  in  the  forward  direction  at  the  angle  8  given 
by  (1).  At  the  sar..  time,  first-order  Stokes  radiation  has  been 
observed  in  very  fine  fiiaments  produced  by  self-trapping  of  the 
radiation.  The  radiation  used  in  these  experiments  was  produced 
by  a  giant-pulse  ruby  laser.  The  laser  pulses  bad  a  duration  of  ~40 
ns,  a  power  output  of  ~5  MW  and  a  spectrum  composed  of  one 
strong  axial  mode  with  one  or  two  weaker  modes.  The  liquids  used 
were  pure  acetone  am!  various  concentrations  of  carbon  disulfide 
in  acetone,  in  cell  lengths  of  10  and  20  cm. 

In  pure  acetone,  usually  only  Class  I  distribution  of  anti-Stokes 
radiation  was  produced.  An  cxamplo  of  the  far-field  “ring”  pat¬ 
tern  is  shown  in  Fig.  1(a).  When  a  small  amount  (5  to  10  per¬ 
cent  by  volume)  of  carbon  disulfide  is  added  to  acetone,  the  angular 
distribution  is  completely  changed.  Near  threshold,  it  usually 
consists  of  a  sharp  ring  (Fig.  He})  whose  diameter  is  close  to  that  of 
surface  radiation  given  by  (1).  At  higher  excitation  the  sharp 
ring  occurs  together  with  a  broad  ,:ng  of  smrller  diameter  (due  to 
Class  II  radk'.tion)  as  shown  in  Fig.  1(b).  The  half-angle  8  of  the 
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sharp  rings  can  be  accurately  determined  and  appears  to  vary 
slightly,  from  15.11  to  tkS  X  If*_s  rad,  in  different  photographs  taken 
with  the  It)  pereeut  CS.-aivtoim  mixture.  (The  half-auglo  of  tho 
broad  ring  is  -—5.7  X  Itl_i  rad.)  According  to  (1)  the  angle  8  is 
calculated  to  be  7.15  y  1*1  :  rad,  based  <m  the  available  data  of  the 
refractive  index  in  this  mixture. b!  {For  pure  acetone,  (1)  gives 
8  —  0.1  X  10  3  rad.) 

Similar  experiments  were  carried  out  with  cyclohexane,  another 
liquid  known  to  emit  Class  I  radiation. Is I  In  mixtures  with  CSj, 
again  a  sharp  ring  was  observed,  the  measured  emission  angle 
being  h.s  \  III  ■  rad  for  a  n  percent  CS-  mixture.  Comparison  with 
the  angle  for  surface  radiation,  (I ),  was  not  possible  since  refractive 
index  data  for  the  mixture  are  not  available,  but  for  pure  cyclohexane 
(1 )  gi'-es  ti.S  X  in  1  rail. 

Near-field  photograjdis  taken  at  the  exit  end  of  the  cell  (Fig.  2) 
rcVvui.i  t+  .  (iM.-mi  .A  StifflctM  t  laarf,  t'l  Js.T  a.,J  ntlri  fltctke, 
radiation  in  the  t'S.-aeoume  mixtures,  and  their  absence  in  pure 
acetone.  Near  threshold,  the  laser  and  Stokes  filaments  are  of 
comparable  intensity  and  occur  with  diameters  of  20  to  UK)  a  Tho 
eorres|>ondmg  anti-Stokes  fihuncitls  appear  to  have  srmdler  diam¬ 
eters,  S  to  lti  p;  they  arc  of  higher  ii. tensity  when  they  arise  from 
the  small  di.imc-tcr  Stokes  filaments;  also  the  narrowmsai  of  the 
resulting  i mgs  indicates  that  tin*  emission  region  is  t  to  2  mm  long. 


(o)  (b)  <c) 

iH.  1.  Far-field  "ring”  patterns  of  anli-^Iokes  radiation  iu  a)  pure  acetone; 
tp'  1C  percent  Om -acetone  mixture  above  threshold:  Cc>  10  percent  CSr-acetone 
mixture  near  threshold.  There  is  no  apparent  difference  in  the  spectral  width 
(at  Ar  »  2020  cm'1)  of  the  anti-Stokes  stimulated  radiation  itt  ;b*  and  (eh 


Fig.  2.  Stimulated  Raman  emiwion  from  a  10  percent  CSMcrione  mixture. 
(a)(bMe)  photographed  simultaneously,  ia>  Noor-fieM  photograph  of  anti -Stoke* 
radiation  *howio*  filament*  ami  associated  “c.'nu”  patterns.  Tim  difference*  in 
ring  diameter*  are  due  to  the  fact  that  the  wm  r also*  filament#  occur  at  different 
distances  from  the  exit  window,  (b)  Xear-ficid  photvgraph  of  Stoke*  radiation 
(approximately  the  same  roAgaificatiou  as  (ai>.  A  comparison  *-f  (a)  and  (fat 
show*  that  the  anti-Stokea  rings  are  generated  from  radiation  in  the  filament* 
of  smallest  diameter,  (cl  Far  -held  photograph  of  anti-Stok.es  radiation. 
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i'lit’  total  1'unfv  til'  Stokes  radial  ion  emitted  from  a  small  filament 
a  miniated  to  be  '-In  4  joule,  while  the  energy  of  anti-Stokes 
radiation  is  It)  i  joule.  The  observation  of  filaments  thus  satisfies 
the  experimental  condition  necessary  for  generation  of  aati-Stokes 
rtulintion  with  the  distribmieon  given  by  (1).  Moreover,  with  ihi" 
information  together  with  the  gain  in  acetonel,l  and  the  intensity- 
dept'ident  refractive  index  of  CS:,I»I  it  can  bo  shown  that  tlie 
fractional  change  of  the  wave  vector  due  to  tho  intensity-dependent 
refractive  index  would  decrease  the  angto  6  bv  about  It)  percent, 
as  olwerved. 

The  broad  anti-Stokes  rings  are  also  emitted  from  filaments,  but 
with  .Stokes  radiation  ~100  times  ns  intense  as  that  of  tho  filaments 
giving  rise  to  the  sharp  anti-Stokes  rings.  They  appear  to  be  pro¬ 
duced  in  a  long  emission  region  approximately  5  to  10  mm. 

At  the  laser  |mwer  levels  used  in  the  present  experiments  only 
stimulated  radiation  a.,  is  •»  2920  cm~l  wtts  observed  in  pure 
acetone  and  in  the  mixtures  with  CS};  no  stimulated  radiation  at 
As  “  050  cm*1  due  to  Co»  was  doteetable.  Tho  role  of  the  CS.  is 
simply  I)  produce  filaments. 

Prom  the  present  observations  wo  conclude  that  the  sharp  anti- 
Stokes  rings  arise  from  "surface”  radiation.  Not  only  are  their 
diameters  in  good  ngreentent  with  the  condition  that  only  the 


longitudinal  components  of  the  phase  velocities  sum  to  zero,  but 
they  xro  also  observed  only  in  the  presence  of  optical  filaments  hi 
the  liquid  mixture. 


P.  Shimizu 
U.  Bachmans 
B.  I’.  SroU  HKFK 
Dept,  of  Physics 
University  of  Toronto 
Toronto,  Ontario,  Canada 
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RAMAN  LINEWIDTHS  FOR  STIMULATED  THRESHOLD  AND 
GAIN  CALCULATIONS* 


IV.  R.  L  Clements  and  R.  P.  Stoicheff 
Depart  mem  of  Physics.  Univ  *rsi:y  of  Toronto 
Toronto  5.  Canada 
(Received  Ml  February  I ‘>68) 

Linewidths  in  the  normal  Rahtan  spectra  of  several  liquids  of  interest  in  stimulated  Raman  scattering  have  been 
measured  including  carbon  disulfide,  benzene,  toluene,  oxygen,  and  nitrogen.  The  spectra  were  excited  with 
6328-A  radiation  from  a  He-Ne  laser  and  examined  v-itli  a  pressure-scanned  Fabry-Perot  interferometer. 


While  it  has  long  been  known  that  Raman  bands 
of  totally  symmetric  vibrations  exhibit  extremely 
sharp  lines  even  in  liquids  and  solids,  very  few 
studies  of  the  normal  Raman  effect  have  been  con¬ 
cerned  with  accurate  linewidth  measurements. 
However,  with  the  discovery  of  stimulated  Raman 
scattering1  there  has  been  an  increasing  need  for 
such  measurements  since  both  the  threshold  for 
stimulated  scattering  and  the  gain  are  dependent 
on  the  linewidths  appearing  in  the  normal  R  imun 
spectra.  In  the  last  few  years,  several  linewidth 
measurements  for  liquids2  and  one  for  a  solid2 
(caicite)  have  been  reported,  all  making  use  of 

♦This  rcsc.mli  it  pari  ol  Project  DEFENDER  nuclei  ilie  joint 
sponsorship  of  the  Advanced  Research  Projects  Agenc  y,  the  I  S 
Oilier-  of  Naval  P.esearch.  and  the  Department  of  Defense.  Also 
siip|ioiled  by  the  National  Research  Council.  Canada,  and  the 
l  niversily  of  Toronto. 


grating  instruments.  In  the  present  Letter  we  de¬ 
scribe  a  method  for  normal  Raman  linev  :dth  meas¬ 
urements  which  is  capable  of  even  highet  accuracy. 
Radiation  at  6.328  A  from  a  He-Ne  laser  is  used  for 
excitation  of,  the  spectra  and  a  high-resolution 
Fabry-l’erol  interferometer  for  measurement.  With 
this  apparaitts,  linewidths  of  interest  in  stimulated 
Raman  scattering  have  been  measured  for  several 
liquids  including  carbon  disulfide,  benzene,  tolu¬ 
ene,  oxygen,  and  nitrogen. 

The  experimental  arrangement  is  shown  in  Fig.  I . 
It  is  based  on  the  arrangement  rsed  by  Cliiao  and 
StoiclielP  lor  Brillnuin  spectroscopy  and  is  similar 
to  systems  used  by  Murray  and  Javan,*  and  Duell¬ 
ing  et  ill.*  for  Raman  scattering  with  excitation  by 
argon-ion  lasers.  In  the  present  arrangement,  the 
He-Ne  laser  has  a  jiower  output  of  150  mW  and  a 
linewidth  of  0.025  cm  1  (full-width  at  half  iiiten- 
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sity).  i’he  6328 -A  radiation  is  isolated  with  a  l()-.\ 
hand-pass  tiller  and  rellectc.l  into  the  sample  cell. 
For  the  organic  liquids  the  cell  is  a  quartz  capillary 
2.5  mm  in  ilia  in  and  50  cut  in  length  which  acts  as 
a  light  guide  for  the  incident  as  well  as  for  the  scat¬ 
tered  radiation.  For  liquid  N._.  and  02  the  cell  is  a 
simple  Dewar  providing  a  scattering  length  of  7 
cm  lietween  two  flat  windows.  Raman  radiation  scat¬ 
tered  in  the  backward  direction  is  selected  with  a 
100-A  band-pass  filter  and  analyzed  with  a  pressure- 
scanned  Fabry-Perot  interferometer.  For  CS«. 
and  N,  the  interferometer  spacing  was  2.950  nun; 
for  N,  a  larger  spacing  of  9.943  mm  was  also  used; 
for  benzene  and  toluene  the  spacing  was  reduced  to 
0.869  mm  in  order  to  increase  the  s|>ectral  free 
range  to  5.76  cm'1.  Pressure  scanning  with  (XL 
from  vacuum  to  2  atm  provided  a  chart  of  four 
interferometer  orders  when  the  2.95-mm  spacer 
was  used.  The  measured  instrumental  width  (made 
up  of  contributions  front  the  laser  width,  Fabry- 
Perot  response  function  for  a  reflectivity  of  0.995, 
and  the  size  of  the  detector  aperture)  is  0.050  cm'1 
at  6328  A  and  at  almost  all  of  the  Raman  wave¬ 
lengths.  At  the  wavelength  of  the  N\,  Raman  line 
(7423  A)  the  mirror  reflectivity  decreased  to  0.923 
resulting  in  a  calculated  instrumental  width  of  0.063 
cm"1  with  the  2.95-mm  spacer  and  0.038  cm'1  with 
the  9.943-mm  spacer. 

In  Fig.  2  is  shown  the  656-cm'1  Raman  line  of 
CSj  in  two  adjacent  orders.  The  line  is  relatively 
narrow  and  symmetric.  It  is  superimposed  on  a 
broad  background  made  up  of  overlapping  of  the 
wings  of  the  line  from  different  orders;  in  addition. 


Fig.  t.  Experimental  apparatux  for  Raman  linewidth  mm- 
urementx. 


Fig.  2.  Interferogram  cf  the  656-cm  '  Raman  tine  of  liquid 
CS,.  Two  adjacent  orders  are  ihown  recorded  with  an  inter¬ 
ferometer  spacer  of  0.295  cm.  The  smooth  ’ine  is  the  computed 
spectrum. 

several  nearby  Raman  lines  (at  645.9  cm  1  due  to 
CS''!-’S:I4  aiHj  .)t  (J47 .5f  552.7  cm  1  due  to  "hot"  bands) 
contribute  to  the  low  intensity  |>eak  observed  !>e- 
tween  the  adjacent  orders  of  the  656-cm” 1  line.  To 
determine  the  Raman  linewidth  the  observed  spec¬ 
trum  was  compared  with  a  computed  spectrum  ob¬ 
tained  by  assuming  a  Lorcutzian  line  shape  and  coii- 
voluting  this  with  the  instrumental  profile.  Various 
l.orentzian  lincwidths  were  used  in  the  calculations 
until  good  agreement  between  the  observed  and 
computed  spectra  was  achieved  taking  into  account 
the  overlap  of  the  different  orders. 

Similar  computations  were  carried  out  for  the 
most  intense  Raman  lines  in  the  several  liquids 
studied  here  to  obtain  the  values  of  full-width  at 
half  intensity  listed  in  Table  1.  The  estimated  errors 
of  the  linewtdths  are  approximately  5%  of  the  meas¬ 
ured  widths  although  slightly  larger  for  G*H*  and 
O*.  The  992-ctn'1  line  of  CgH,  is  the  broadest  of 
those  observed  and  is  slightly  asymmetric  due  to 
overlapping  by  the  much  weaker  lines  at  983.6  cm”1 
of  C,SQ2H,  and  at  998.0  enr1  of  a  “hot”  band.  The 
Oj  Raman  line  exhibited  the  lowest  intensity  of  the 
liquids  studied,  since  the  laser  radiation  falls  in  the 
region  of  the  strongest  absorption  band  of  liquid 

The  narrowest  Raman  line  observed  is  that  of 
liquid  N„  equal  to  0.067  ±  0.004  cm"1.  Its  intensity 
profile  is  shown  in  Fig.  3  where  it  is  compared  with 


Table  I.  Linewidth  Measurements  of  Totally 
Symmetric  Vibrational  Raman  Lines. 


Liquids 

Raman  Shift 
(cm'1) 

Full-Width  at 
Half  Intensity 
(cm1) 

Nitrogen 

2331 

0.067  ±  0.004 

Oxygen 

1555 

0.1 17  ±0.008 

Carbon  disulfide 

656 

0.50  ±0.02 

Toluetie 

1002 

1.94  ±0.07 

Benzene 

992 

2.1-5  ±0.15 
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Fig.  3.  interferogram  of  the  Raman  line  of  liquid  N;  re¬ 
corded  with  an  interferometer  » pacer  of  0.295  cm.  The  smooth 
line  is  ihe  computed  intensity  prolile. 


thnt  of  tin*  aim  pined  line,  It  may  lie  noted  dial  the 
same  line  width  was  obtained  lor  both  forward  and 
baekward  scattering  within  the  ({noted  ex|>eririien- 
tal  error.  This  value  of  the  linewidth  together  with 
the  relatively  high  intensity  of  the  N*  Raman  line 
indicates  perhaps  one  of  the  lowest  thresholds  for 
stimulated  Raman  emission  and  one  of  the  highest 
gains. 

The  linewidth  of  0.50  cm'1  obtained  for  liquid 
CS-j  is  especially  noteworthy  in  relation  to  the  gain 
in  stimulated  Raman  scattering.  Although  the  re¬ 
cent  litera’ure2  gives  liuewidths  as  nanow  as  0.9, 
1.0,  and  1.4  cm-1,  the  value  usually  used  in  gain 
calculations  is  3  cin1.  The  present  measurement 


shows  that  the  linewidth  is  approximately  1/6  of 
this  value  and  hence  the  gain  is  a  factor  of  6  larger 
than  that  quoted  in  the  recent  literature.7 

In  conclusion  we  should  like  to  point  out  that  not 
only  does  this  method  allow  the  accurate  measure¬ 
ment  of  relatively  narrow  Raman  titles  in  liquids 
(with  possible  extension  to  gases  and  solids)  but  it 
also  provides  a  means  of  studying  line  shapes. 

We  are  very  grateful  to  fl.  I.  A.  Stegeman  for 
the  computer  program  used  in  the  analysis. 
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Intensity  and  Gain  Measurements  on  the  Stimulated  Raman  Emission 
in  Liquid  0;  and  N;* 

J.  B.  Grun,  *  A.  K.  McQuillan,  *  and  B,  P.  Stolchetf 
Department  of  Physics,  University  of  Toronto,  Toronto  5,  Canada 
(Received  25  November  19681 

In  liquid  Oj  and  Nj  the  threshold  (or  stimulated  Raman  emission  Is  found  to  be  much  lower 
than  for  other  nonlinear  processes.  Thus  It  is  possible  to  make  reliable  measurements  of  the 
intensity  of  Raman  emission  over  a  large  range  of  Incident  laser  power  by  using  a  simple 
longitudinal  geometry.  Several  distinct  regions  of  emission  were  investigated,  including 
normal  Raman  scattering,  exponential  gain,  onset  of  oscillation,  and  saturation.  There  is 
good  agreement  with  theory. 


INTRODUCTION  acetone,  and  carbon  tetrachloride.  *  Bloembergen 

and  Laileinand3’*  have  overcome  some  of  these 
ft  Is  well  known1-1  that  the  comparison  of  theo-  difficulties  by  the  use  of  a  Raman  amplifier  and 

retical  and  experimental  values  of  intensity  and  have  demonstrated  its  importance  in  obtaining 

gain  in  stimulated  Raman  emission  is  complicated  reliable  values  of  the  Raman  gain.  Other  useful 
by  several  competing  processes  such  as  self-  experimental  arrangements  in  such  studies  include 

focusing,  and  Brillouin  mid  Rayleigh  scattering,  the  transverse  resonator  of  Dennis  andTannenwald,' 

all  of  which  may  have  similar  appearance  three-  the  off-axis  resonator  of  Jennings  and  Takuma, 10 

holds.  Thus,  anomalous  intensity  behavior  in  and  the  diffusely  pumped  amplifier  of  Bortfeld  and 

many  liquids  and  even  in  gases4-'  and  solids7  Sooy. 11  More  recently,  Shapiro,  Giordmaine,  and 

appears  to  be  the  rule  rather  than  the  exception.  Wecht. 13  Bret  and  Weber, 11  and  Kaiser  and  Maier" 

One  important  consequence  is  that  the  premature  have  shown  that  with  picosecond  and  subnanosecond 

onset  of  oscillation  has  precluded  the  observation  laser  pulses  stimulated  Raman  scattering  is  the 

of  the  expected  exponential  gain  in  most  materials,  dominant  nonlinear  scattering  process  in  sev- 

with  the  exception  of  gaseous  hydrogen,  liquid  eral  liquids,  and  thus  have  obtained  good  agreement 
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wirh  theoretical  intensities, 

The  present  investigation  of  laser  stimulated 
Raman  emission  from  liquid  Oj  and  N2  arose  from 
the  results  of  earlier  studies  of  the  spectra  of  the 
normal  and  stimulated  scattering.  In  one,  it  wa3 
shown  that  the  lirewidth  of  the  normal  Raman 
scattering  was  exceptionally  narrow  ^dk  ting  a 
large  Raman  gain15:  in  another,  cone,  mng  'he 
stimulated  Raman  emission,  extremely  sharp 
spectral  lines  were  observed  (Fig,  1)  without  any 
evidence  of  broadening, 10  thus  indicating  that  self- 
focusing  and  other  scattering  processes  were  not 
prominent.  From  these  results  we  concluded  that 
possibly  the  threshold  for  stimulated  Raman  scat¬ 
tering  is  lower  than  for  the  competing  processes, 
in  which  case  liquid  O,  and  N2  would  be  ideal  sub¬ 
stances  for  experimental  study.  Indeed,  the  pres¬ 
ent  investigation  has  shown  that  liquid  02  and  Na 
are  unique  in  this  respect  and  no  self-focusing  or 
stimulated  Brillouin  scattering  has  been  detected 
up  to  the  highest  incident  laser  power. 

We  wish  to  report  our  observations  of  the  inten¬ 
sity  of  Raman  Siokes  radiation  corresponding  to 
the  vibrational  frequencies  1552. 0  cm*1  and  2326.  5 
cm*1  of  liquid  O,  and  Na,  respectively.  A  simple 
longitudinal  arrangement  was  used.  The  range  of 
Raman  intensity  measurements  Includes  the  normal 
emission  which  varies  linearly  with  Incident  laser 
power,  a  region  of  exponential  gain  over  several 
orders  of  magnitude,  the  onset  of  oscillation  with 
feedback  by  Rayleigh  scattering  and  finally  a 
region  of  saturation  and  depletion.  The  observed 
gain  is  in  good  agreement  with  that  calculated 
from  our  experimentally  determined  cross-section 
for  scattering. 

1552  0  cm'1 


2326.5cm*' 


N« 


FIG.  I.  Stimulate  1  Raman  spectra  of  liquid  Oj  and 
N;,  showing  the  first-order  Stokes  vibrational  lines  at 
1552.0  and  2520.5  cm*1,  respectively.  The  resolving 
power  of  the  grating  spectrograph  is  10s. 


APPARATUS  AND  EXPERIMENTAL  PROCEDURE 

The  exciting  source  was  a  giant-pulse  ruby  laser 
with  a  rotating  prism  at  one  end,  and  at  the  other 
a  plane  parallel  reflector  (~25%  reflectivity)  of 
Corning  2-58  glass  which  served  as  a  mode  sel¬ 
ector ,s  and  also  as  a  filter.  The  radiation  was 
emitted  in  a  single  pulse  of  ~30-nsec  duration  and 


in  a  single  (or  nearly  single)  axial  mode.  Good 
reproducibility  In  the  laser  pulse  was  obtained  by 
firing  the  laser  at  constant  power  near  threshold, 
at  regular  (3  min)  intervals  with  the  ruby  at  a 
constant  temperature  (-  10°C).  This  procedure 
also  eliminated  any  spatial  drift  of  the  laser  beam 
at  the  distant  spectrometer  slit. 

The  temporal  behavior  of  a  typical  laser  pulse 
is  shown  in  Fig.  2(a).  A  study  of  the  spatial  inten¬ 
sity  distribution  of  the  laser  beam  was  made  at  a 
magnification  of  20 x  and  by  photographing  the 
beam  after  attenuation  by  neutral  density  filters. 
This  showed  the  presence  of  several  intensity 
maxima  [Fig.  3(a)]  which  increased  the  effective 
intensity  of  the  laser  beam  to  twice  the  average 
intensity.  Also,  the  laser  radiation  was  found 
to  be  plane  polarized  to  better  than  2000: 1. 

The  longitudinal  arrangement  shown  in  Fig.  4 
was  used  for  the  measurements  of  Raman  scat¬ 
tering  intensity  and  state  of  polarization  in  the 
forward  direction.  The  sample  container  vis  a 
simple  Dewar  of  1  liter  capacity  with  a  path  length 
of  5.  8  cm  between  the  two  inner  windows.  It  was 
positioned  approximately  4  m  from  the  laser  in 
order  to  reduce  possible  feedback  of  scattered 
radiation  to  the  laser.  At  each  filling  of  the  Dewar 
the  liquid  was  passed  through  a  5p  millipore  filter 
to  remove  any  dust  particles.  A  short  time  after 
a  filling,  the  liquid  became  quiescent. 

In  order  to  increase  the  laser  power  density 
Incident  on  the  samples,  the  beam  diameter  was 


FIG.  2.  (si  Typical  laser  pulse  monitored  with  an 
ITT  FW114A  photodiode,  snd  displayed  on  a  Tcktrond, 
519  oscilloscope.  <bl  Typical  first-order  Stokes  pulse 
obtained  In  the  saturation  region,  snd  the  corresponding 
depleted  lasci  pulse  at  the  right,  (cl  Same  as  (bl,  but 
with  the  Stokes  pulse  also  showing  some  depletion  at 
higner  laser  power. 
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(a)  (b) 


FIG.  3.  Near-field  patterns  showing  the  spatial 
intensity  distribution  o{  the  incident  laser  beam  la)  and 
the  first  Stokes  emission  fli),  magnified  20x.  Mottled 
appearance  of  Stokes  picture  is  caused  by  laser  atten¬ 
uating  fibers. 


P  sa,  -  | 


FIG.  4.  Iliagram  of  apparatus  used  for  Itaman  in¬ 
tensity  measurements.  Explanation  of  symbols:  D  - 
diaphram,  A.  F.  -  attenuating  filter,  G.  G,  —  ground 
glass,  P.  D.  -  E.G.  &  G  photodiode  (SGD-100),  L  - 
lens,  F  —  filter. 


reduced  by  a  factor  of  about  10  (to  0. 6  mm)  with 
a  system  of  two  lenses.  The  incident  laser 
power  was  varied  from  30  kW  to  600  kW  by  insert¬ 
ing  calibrated  neutral  density  filters  of  glass  in 
the  beam  at  the  entrance  diaphragm  D,  and  lens 
L,.  The  laser  pulse  was  monitored  with  an  EG  & 

G  photodiode  (SGD-100),  and  displayed  on  a  Tek¬ 
tronix  555  (or  51S)  oscilloscope.  An  essentially 
parallel  laser  beam  was  incident  on  the  sample. 

The  radiation  scattered  in  the  forward  direction 
was  collected  through  the  exit  diaphragm  D3  and 
focused  on  the  slit  of  the  spectrometer.  The 
laser  light  entering  the  spectrometer  was  attenua¬ 
ted  with  calibrated  filters.  A  gratiig  spectrometer 
(Spex  1700)  having  a  dispersion  of  10  A/mm  was 
used  with  both  entrance  and  exit  slits  open  to 
3  mm.  Measurements  of  Stokes  intensities  were 
made  with  an  RCA  7102  Photomult ipler  having  a 
cooled  photocathode  (-  10’C).  The  signal  was 
amplified  40  times  by  a  two-stage  emitter  follower, 


and  fed  into  a  type  L  preamplifier  ot  the  oscillo¬ 
scope.  The  pulse  heights  from  the  oscilloscope 
traces  gave  an  effective  measurement  of  the  inten¬ 
sity  of  Stokes  emission  during  each  laser  pulse. 
Brief  studies  of  the  laser  and  Stokes  pulse  enve¬ 
lopes  were  made  with  a  fast  photodiode  (ITT  FW 
114A)  and  a  Tektronix  519  oscilloscope.  Depolar¬ 
ization  measurements  were  carried  out  with  a 
Nicol  prism  placed  at  the  slit  of  the  spectrometer. 

Several  precautions  were  taken  to  reduce  any 
stray  light  and  to  minimize  its  effect  on  the  inten¬ 
sity  measurements,  especially  of  the  low-intensity 
normal  Raman  scattering.  The  main  sources  of 
unwanted  stray  light  were  found  to  be  the  iaser 
flashlamp,  and  optical  filters  and  ienses  of  glass 
along  the  laser  beam  which  emitted  reiatively 
intense  fluorescence  radiation.  Thus,  all  of  the 
optics  and  sample  Dewar  were  enclosed  in  a 
light-tight  box  having  a  6  mm  entrance  aperture; 
diaphragms  were  placed  along  the  laser  beam 
path  in  front  of  lenses;  and  quartz  lenses  were 
used  instead  of  glass  ienses  to  minimize  the  fluo¬ 
rescence.  Finally,  the  effects  of  the  broad  band 
fluorescence  were  suppressed  by  the  use  of  a 
high-dispersion  spectrometer. 

For  each  iiquid.  the  intensity  .  leasurements 
were  carried  out  in  two  stages.  In  the  iow- inten¬ 
sity  region  of  the  normal  Raman  scattering,  the 
light-collecting  cone  was  1.45x  10*3  sr  for  N2 
and  5. 80x  10’1  sr  for  C2.  Calibrated  filters  were 
inserted  in  front  of  the  spectrometer  slit  to  cover 
the  intensity  range.  In  the  high- intensity  region 
of  stimulated  Raman  emission  the  light-collecting 
cone  was  smaller,  being  1.30x  KT*  sr  for  both 
N,  and  02.  Again,  calibrated  filters  were  used  to 
make  intensity  measurements  over  approximately 
ten  orders  of  magnitude  The  laser  pulse  energy 
was  measured  with  ?.  calibrated  thermopile  (TRG 
100).  The  many  optical  filters  used  to  attenuate 
the  laser  and  Raman  radiation  were  calibrated 
spectrophotometrically  (Beckman  DU)  each  to  an 
accuracy  of  3%.  The  transmission  characteristics 
of  the  spectrometer  and  the  sensitivity  of  the  photo¬ 
multiplier  were  measured  over  the  required  wave¬ 
length  region  (and  for  light  of  parallel  and  perpen¬ 
dicular  polarization)  using  a  NBS  standard  lamp. 

An  estimate  of  the  possible  errors  in  making 
absolute  intensity  measurements  of  the  Raman 
scattering  indicated  an  accuracy  of  ±  50%,  the  main 
source  of  error  arising  frou  the  many  filters  used 
in  attenuating  the  laser  radiation.  However  the 
accuracy  of  relative  intensity  measurements  was 
considered  to  be  better  than  ±30%. 

BRIEF  RESUME  OF  THEORY 

The  theory  of  stimulated  Raman  scattering  has 
been  developed  by  many  authors,  notably.  Hell- 
warth. 17  Bloembergen  and  Shen.  **  Townes  and  co¬ 
workers.  and  Maker  and  Terhune. 20  They  have 
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shown  that  the  stimulated  Stokes  emission  grows 
exponentially  from  noise  according  to  the  relation 

y/)  =  /((  0]e^lI°.  (1) 


Here,  Is(l)  is  the  intensity  of  the  stimulated  Stokes 
emission,  4(0)  is  the  intensity  of  the  normal 
(spontaneous)  Stokes  emission,  4  is  the  incident 
laser  power  density ,  and  /  is  the  length  of  the 
amplifying  medium.  The  gain#  is  given  by 


2£1 

g~th»3 


iV 


f/o„A/n. 


(2) 


In  general,  and  in  the  present  work,  g  represents 
the  gain  for  radiation  polarized  in  the  same  plane 
as  the  incident  plane-polarized  laser  radiation. 

In  Eq.  (2),  c  is  the  velocity  of  light,  h  is  Planck’s 
constant,  n  the  refractive  index,  N  is  the  eifective 
number  of  molecules  per  cm3,  £u>  is  the  normal 
Raman  linewidth,  i'0~  vr  is  the  frequency  of  the 
Raman  line.  The  quantity  dou/<Kl  is  the  total 
differential  cross-section  per  mokcule  per  sr 
for  the  one  polarization,  and  may  be  evaluated 
from  an  absolute -intensity  measurement  of  nor¬ 
mal  Raman  scattering.  Such  a  measurement 
gives  the  total  differential  cross-section  for  both 
polarized  and  depolarized  scattering  defined  by21 


da  Ft* 
dfl=  c 4 


,-VK( 


45a'2+7>' 
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for  Diane-polarized  light  incident  on  a  system  of 
randomly  oriented  molecules  and  observation  In 
the  scattering  plane.  Here  vr  Is  the  frequency 
of  the  Raman- active  molecular  vibration,  d  is  the 
degree  of  degeneracy  of  the  vibration  (=1  for  the 
totally  symmetric  vibrations),  p  Is  the  reduced 
mass,  and  a'  and  y'  are,  respectively,  the  Iso¬ 
tropic  and  anisotropic  parts  of  the  derivative  of 
the  polarizability  with  respect  to  the  internuclear 
coordinate  at  the  equilibrium  position.  The  con¬ 
stant  K  Is  the  local  field  correction  given  by22 


A’=(V,V(”/+ 2)3  (V+ 2)2/81  ’  (4) 

where  »0  and  »s  are  the  indices  of  refraction  at 
the  laser  and  Stokes  frequencies,  respectively. 

In  order  to  evaluate  y'  and  a'  ,  it  is  necessary  to 
measure  the  depolarization  ratio 


p=/i//|j  =  3y,2/(45a'2  +  4y'2). 

Here  I±  and  4  are  the  intensities  of  scattered  light 
polarized  i  and  n.  respectively,  to  the  plane- 
polarized  Incident  light. 

It  may  be  mentioned  that  Eq.  (3)  is  valid  only 
when  the  frequency  of  the  incident  exciting  light 
is  far  from  the  main  absorption  bands  of  03  and 
N,  which  occur  in  the  vacuum  ultraviolet  region. 


EXPERIMENTAL  RESULTS  AND  DISCUSSION 

The  observed  intensity  of  first-order  Stokes 
radiation  over  a  range  of  incident  laser  intensity 
is  shown  in  Fig.  5  for  liquid  02  and  in  Fig.  6  for 
liauiu  Nj.  For  both  liquids,  it  was  possible  to 
investigate  the  Raman  intensity  over  a  range  of 
approximately  12  orders  of  magnitude,  from  the 
very  low  Intensity  of  normal  scattering  through 
a  region  of  exponential  amplification  and  oscilla¬ 
tion  to  an  intensity  approaching  the  Incident  inten¬ 
sity.  and  finally  saturation.  These  results  will 
be  discussed  below  under  the  headings  (a)  normal 
Raman  scattering,  (b)  exponential  gain,  and  (c) 
oscillation  and  saturation. 


FIG.  5.  Experimental  curve  for  liquid  oxygen  showing 
Raman  Stokes  power  as  a  function  of  incident  ruby  laser 
power. 


(a)  Normal  Raman  Scattering 

The  region  of  normal  Raman  scattering  is  one 
of  very  low  intensity.  Our  measurements  for  O, 
ami  N2  are  given  in  Fig.  7.  Although  the  data 
show  considerable  scatter,  it  Is  seen  that  there 
is  a  iinear  dependence  of  Raman  intensity  on  inci¬ 
dent  laser  intensity,  as  expected  from  theory. 

The  slopes  of  the  graphs  of  Fig.  7  were  used  to 
determine  values  of  the  differential  scattering 
cross-section. 

As  already  mentioned,  the  errors  in  making 
these  absolute  intensity  measurements  are  approxi¬ 
mately  ±  50%,  whereas  the  accuracy  of  the  relative 
measurements  is  perhaps  ±30%.  Thus  the  present 
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FIG.  6.  Experimental  curve  for  liquid  nitrogen 
showing  Raman  Stokes  output  power  «s  a  function  of 
incident  ruby  laser  power. 


TABLE  1.  Values  of  the  total  differential  scattering 
cross-section  for  the  992  cm’1  Raman  radiation  of 
liquid  benzene. 


da /dO 

da/dQ  corrected  for  6943  A 
Authors  cm*  sr"’)  (10~M  cm*  sr'1) 


Damen,  Lelte, 
end  Porto” 

6.7  *  1.2 
(6328  A) 

4.5* 

Skinner  and 
Wizen14 

37.5*  4 
(4880  A) 

4.95b 

McCiung  and 
Weiner” 

5.9*3 
(6943  A) 

5.9 

Bret  et  of.1 

9 

(8943  A) 

9 

Present  authors 

6.6*3 
(6943  A) 

6.6 

•Calculated  from  fair— since  the  frequency  of 
the  exciting  radiation  v  ia  tar  from  principal  absorption 
frequencies  The  Raman  vibrational  frequency  is  vv 
^Calculated  from  /at v  -  v^'/ivg  -  H1,  since  the  fre¬ 
quency  of  the  exciting  radiation  ia  near  an  absorption 
frequency  »’a. 

method  of  determining  the  absolute  Raman  inten¬ 
sities  was  checked  by  measuring  the  scattering 
for  the  982-cm'1  line  of  liquid  benzene,  and  com¬ 


paring  the  resultant  value  of  the  total  differential 
scattering  cross-section  do/dU  with  values  mea¬ 
sured  by  other  experimenters.  This  crosn-sectlon 
is  related  to  experimentally  measure  able  quantities 
by  the  equation 

da/dSl  =  PR/P0NlSl. 

Here,  Pr  is  the  Raman  power  for  the  whole  line 
scattered  into  the  solid  angle  0  and  P0  is  the 
corresponding  laser  power,  N  is  the  density  of 
molecules  per  cm3  in  the  scattering  medium,  .  ad 
l  Is  the  path  length  (I  =  10  cm  in  our  CgH,  experi¬ 
ment).  Some  of  tlie  recent  values  of  da/d(i,  for 
benzene  are  shown  in  Table  I  along  with  our  value 
of  6. 6±  3  xlo*s°  cm1  per  molecule  per  sr.  It  is 
seen  that  the  most  accurate  values  are  those  ob¬ 
tained  by  Damen,  Lelte,  and  Porto*3  with  a  He-Ne 
laser  and  by  Skinner  and  Nilaen14  with  an  Ar+ 
laser,  which  after  correction  for  the  v*  frequency 
dependence,  are  in  very  good  agreement.  We 


FIG.  7.  Experimental  measurements  of  normal  Raman 
acattering  for  liquids,  benzene,  oxygen,  and  nitrogen. 
(Experimental  scatter  results  from  very  low  light  levels 
used,  necessitating  a  high  amplification  of  the  photo¬ 
multiplier  signal.  1 
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have  therefore  taken  the  value  </a  </fl  4.50*  1  O' 
cm-  for  benzene  (at  ,\  =  6943  A)  as  a  basis  for  o  r 
evaluations,  and  have  measured  the  ratio  of  the 
Raman  intensities  of  the  2326-em"1  line  for  R, 
and  1552-cnt*1  line  for  Q,  relative  to  the  992  cm-1 
for  C6Hfi. 

The  results  of  these  intensity  measurements  are 
given  in  Table  II  along  w.  th  measurements  of  the 
depolarization  ratio  p  for  liquid  CL  and  R,.  (We 
have  also  included  values  obtained  for  liquid 
CS„  )  The  measured  values  of  dafdU  and  of  p  were 
used  to  calculate  values  of  a'  =  da ‘dr .  the  rate 
of  change  of  polarizability  with  nuclear  displace¬ 
ment.  from  Eq.  (3),  after  applying  the  local  field 
correction  A'[Eq.  (4)J .  These  are  included  in 
Table  II.  The  values  a '  =  1 . 6  x  10',ficvn2  and 
1.35*  10* 16  cm2  for  liquid  R,  and  CL,  respectively, 
are  the  same  as  the  values  obtained  for  gaseous 
N,  and  02  by  Stansburv.  Crawford,  and  Welsh.2’ 

Our  measured  value  of  p  for  liquid  N2  agrees  with 
that  measured  in  the  gas  by  Cabannes  and  Rousset,23 
but  our  value  of  p  for  CL  is  considerably  lower  than 
theirs. 

(b)  Exponential  Gain 

Under  the  present  experimental  conditions,  the 
region  of  normal  Raman  scattering  appears  to 
hold  up  to  incident  laser  powers  of  ~ 70  kW.  At 
higher  laser  powers,  both  liquids  exhibit  regions 
of  exponential  gain,  as  shown  by  the  linear  portions 
of  the  graphs  (plotted  on  semilog  scales)  in  Figs. 

5  and  6.  For  N,  this  region  extends  over  a  range 


of  three  orders  of  magnitude  and  for  CL.  four 
orders  of  magnitude  of  Stokes  amplification.  These 
results  represent  stable  regions  of  gain  up  to 
factors  of  at  least  c6  ana  t>s  for  liquid  N2  and  CL. 
respectively. 

Values  of  the  gain  ,g(exp)  were  obtained  from  the 
slopes  of  the  linear  portions  of  the  intensity  curves 
(Figs.  5  and  6).  These  are  given  in  Table  111.  Also 
listed  for  comparison  are  calculated  values  of  the 
gain  ,g(c  ale).  The  calculated  values  are  based  on 
the  scattering  cross-section  da/dSl  evaluated  here 
and  on  the  linewidths  0. 067  cm-1  for  R,  and  0. 117 
cm"1  for  CL  measured  by  Clements  and  Stoicheff.15 
making  use  of  Eq.  (2).  It  is  seen  that  the  values 
g (exp)  and  ,g(calc)  are  in  good  agreement. 

(c)  Oscillation  and  Saturation 

For  both  liquids,  the  regions  of  exponential  gain 
are  abruptly  terminated  as  shown  by  the  discon¬ 
tinuity  in  slope  of  the  Stokes  intensity  curves  Figs. 

5  and  6.  These  sha,  p  changes  in  slope  represent 
the  onset  of  Raman  oscillation  with  a  rapid  rise 
in  output  power.  The  oscillation  threshold  for  R, 
occurs  at  somewhat  lower  laser  power  than  for 
(L:  0. 13  MW  compared  with  0. 16  MW  for  02. 

These  values  were  not  significantly  affected  by 
tilting  the  Dewar  with  respect  to  the  incident  laser 
beam  or  by  the  presence  of  ice  particles  in  the 
liquids  (although  in  the  latter  case  the  experimental 
error  was  greatly  increased).  The  onset  of  oscil¬ 
lation  is  therefore  not  considered  to  arise  from 
reflection  at  the  windows  or  from  scattering  by 


TABLE  n.  Values  of  the  total  differential  cross-section,  derivative  of  the  polarizability  and  depolarization  ratio. 


Liquid 

•l- 

ido/dQ)  UquW 
hto/dJlt  Cj,H(. 

do/da 

<10-w  cm2  sr~‘) 

or' 

<10',fi  cm2) 

P 

O, 

1552.0 

0.056  ±  0.017 

0.250  ±  0.075 

i  .35 

o.mo.oi 

a.4)b 

N. 

2326.5 

0.04i  ±  0.012 

0.185  ±  0.055 

1.60 

0.10  ±  0.01 

ll.6)b 

cs»fi 

992.2 

1.00 

4.5a 

2.S4 

... 

cs. 

655.6 

2.03  i  0.60 

9.1  ±  2.7 

2  21 

0.17  ±  0.02 

3  Value  of  Damon,  Leite,  and  Porto2'  corrected  for  6943  A  radiation. 

^Values  given  by  Stansburv 

■,  Crawford,  and  Welsh25 

for  gaseous  CL,  N3. 

TABLE  iii. 

Values  of  the  Kaman  gain. 

Nd<j«  -da 

A.3 

jftcalc* 

/Mexp) 

Liquid 

(1<T*  cm" 

sr”!) 

icm"1! 

flO-2  cm  MW' 

■') 

(I0~2  cm  MW1) 

CL 

0.45  ±0.14 

0.117 

1.45  ±  0.4 

1.60  ±  0.50 

0.29  ±  ().0l> 

1 .70  i  0.5 

1.60  ±  0.55 

CJL 

3.06 

2  15 

0.28 

... 

cs. 

7.55 

0.50 

2.4 

*  •  • 

aVal  ,es  of  linewidths  measured  by  Clements  and  Stoicheff.  b 
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bubbles,  dust,  or  ice  particles.  Also,  we  have 
experimentally  ruled  out  the  possibility  that  the 
rapid  rise  in  output  power  is  caused  by  self-iocus- 
ing.  Near-field  photographs  of  the  laser  and  Stokes 
radiation  at  the  exit  window  show  no  evidence  of 
filament  formation  and  uniform  Stokes  emission 
over  the  beam  cross-section  [Fig.  3(b)],  No 
filaments  were  observed  up  to  the  highest  laser 
power  used  1  MW,  where  the  self-focusing  length 
is  calculated  to  be  5  cm  for  (X  and  9  cm  for  N_„ 

The  critical  power  for  self-focusing27*23  calculated 
from  the  known  Kerr  constants2,1  is  200  kW  (or  CX 
and  600  kW  for  N,.  The  observed  onset  of  oscil¬ 
lation  occurs  at  lower  laser  powers  as  mentioned 
above.  Moreover,  the  ratio  of  laser  power  at 
threshold  of  oscillation  in  CX  to  that  in  N,  was  mea¬ 
sured  to  be  1. 20  ±0.  006  as  compared  with  the 
ratio  of  0.  3  for  the  respective  critical  powers  for 
self-focusing. 

We  believe  that  the  most  likely  cause  of  oscil¬ 
lation  is  feedback  of  Stokes  radiation  scattered  in 
the  backward  direction  by  Rayleigh  scattering. 

This  is  suggested  by  the  high  Raman  gain  for  these 
liquids  and  by  the  ratio  of  1.2  for  the  gain  constants 
of  <X  and  N\.  which  is  the  same  value  as  the  ratio 
of  laser  power  for  oscillation.  The  Rayleigh  scat¬ 
tering  intensity  determined  by  Stansbury.  Crawford, 
and  Welsh23  for  gaseous  (X,  and  N,.  together  with 
the  local  field  factor  for  the  liquids,  leads  to  a 
feedback  factor  of  AWo/rfft  (Rayleigh)  =6.1  >.  10*' 
per  cm  per  unit  solid  angle  for  liquid  N,  and 
6.  6  x  10'“  units  for  02.  For  the  effective  solid 
angle  of  our  experiments  (~  10~*  sr)  the  feedback 
factor  is  approximately  10*  per  cm,  which  Is  suf¬ 
ficient  to  explain  the  onset  of  oscillation. 

Ir.  the  region  of  oscillation  the  rise  In  Stokes 
intensity  is  very  steep,  and  represents  an  ir. Tease 
of  five  orders  of  magnitude  for  liquid  O,  and  seven 
orders  of  magnitude  for  liquid  N,.6*3"  The  upper¬ 
most  portions  of  the  intensity  curves  (Figs.  5  ard6) 
are  similar,  and  indicate  strong  depletion  of  laser 
radiation  and  conversion  to  Stokes  radiation.  The 
oscilloscope  trace  in  Fig.  2(b)  shows  a  typical 
pulse  of  Stokes  radiation  in  this  region  with  the 
corresponding  laser  pulse  severely  distorted. 

This  process  results  in  the  flat  tops  of  the  inten¬ 
sity  curves  and  is  the  region  of  saturation.  At 
still  higher  incident  laser  powers,  the  first-order 
Stokes  radiation  is  converted  to  second-order 
Stokes  (and  anti-Stokes  radiation)  which  results 
iu  depletion  of  the  first-order  Stokes  intensity. 

This  depletion  is  shown  in  the  oscilloscope  trace 
of  Fig.  2(c). 

A  brief  study  of  the  conversion  of  laser  radia¬ 
tion  to  first-order  Stokes  radiation  for  liquid  Ns 
was  carried  out,  and  the  results  are  presented 


in  Fig,  8,  Here  is  plotted  the  ratio  F“0ut- ^in- 
normalized  for  the  laser  radiation.  The  general 
behavior  of  this  ratio  is  in  good  agreement  with 
the  theory  of  Shen  and  Bloembergen. Figure  6 
shows  high  conversion  of  approximately  75%  laser 
radi-  tion  to  first-order  Stokes  radiation  in  the 
saturation  region 


CONCLUSION 

This  experiment  has  shown  that  liquid  N2  and 
O,  are  important  materials  for  the  study  of  stimu¬ 
lated  Rantan  scattering.  Because  of  their  high 
Raman  gain,  the  stimulated  Raman  etfect  emerges 
as  the  dominant  nonlinear  process  in  these  liquids. 
Thus  it  was  possible  to  investigate  the  Intensity 
characteristics  and  build-up  of  Stokes  radiation 
over  a  range  of  12  orders  of  magnitude;  from  the 
low-intensity  normal  scattering  through  exponen¬ 
tial  amplification,  oscillation  and  saturation,  and 
eventual  depletion.  A  detailed  study  of  the  region 
of  normal  scattering  and  exponential  gain  shows 
very  good  agreement  with  theory.  The  regions 
oi  higher  intensity  also  reveal  the  expected  theo¬ 
retical  behavior  and  warrant  closer  study.  Finally 
the  high  conversion  efficiency  of  laser  to  Raman 
Stokes  radiation  indicates  that  these  liquids  are 
very  useful  as  new  frequency  sources. 


«  _ _ » 
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'NCIOCNT  LASER  POWER  MW 

F1C.  S  Experimental  curves  showing  how  the  ratios 
of  the  laser  power  iR^t  and  the  firsi  Stokes  power  < Pg> 
at  the  exit  oi  tno  Dcv.ar,  to  the  incident  laser  power 

vary  with  the  Incident  laser  power.  The  dashed 
curve  in  ihe  depleted  laser  region  is  only  approximate 
as  the  laser  pulse  was  severely  distorted. 
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Small-r:ale  optical ly-trapoeo  filaments  in  liquid  CS2 

were  studied  by  side  illumination  and  crossed  polarizers 

3+ 

using  the  second  harmonic  radiation  of  a  mode-locked  Nd  *gla 

3+ 

laser.  Filaments  produced  by  Nd  laser  radiation  (1.06  u) 
exhibited  birefringence  of  magnitude  (2-l)xl0~  and  duration 
times  <  10“U 


sec 
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A  Study  of  the  Duration  and  Birefringence 
of  Self-Trapped  Filaments  in  CS^* 

Recent  experimental  investigations  of  optically-trapped 
small-scale  filaments*  in  liquids  nave  given  valuable  information 
on  properties  such  as  threshold  power,  focusing  length,  energy^ 
and  diameter  of  filaments.  However,  other  fundamental  quantities 
such  as  duration  time  and  refractive  index  changes  remain 
uncertain,  mainly  because  of  the  difficulty  of  making  direct 

2—4 

measurements  during  the  short  duration  time  of  the  filaments  . 

We  report  here  on  the  photographic  investigation  of  filaments 

in  liquid  CSg  illuminated  from  the  side  by  second- hai monic 

5 

radiation  of  a  mode-locked  No’sglass  laser  and  observed  through 
crossed  polarizers.  Such  experiments  can  give  direct  information 
about  the  refractive  index  changes  in  filaments  and  also  about 
their  duration  time,  provided  the  time  is  much  shorter  than  the 
travelling  time  of  the  light  in  the  liquid  sample. 

In  the  present  investigation,  filaments  were  produced  by 
either  1.06  tl  or  0.694  p  radiation  from  mode-locked  lasers  of 
Kdsglass  or  ruby,  respectively.  The  Ndsglass  laser  emitted  a  train 
of  20  pulses  with  pulse  duration  ~  6  p^e'e  as  determined  by  double¬ 
photon  fluorescence  j  the  ruby  laser  emitted  fewer  pulses  and  with 

\ 

duration  times  ^  0.2  nsec.  The  main  laser  radiation  producing 
the  filaments  was  directed  along  the  length  of  a  rectangular  sample 
cell.  For  analysis  of  the  filaments,  a  second  and  less  intense 
laser  beam  was  transmitted  from  the  side  of  the  cell,  at  right 
angles  to  the  main  laser  beam  and  coincident  with  it  in  the  sample. 


3- 


This  v/as  a  collimated  beam  of  0.63  P  (second-harmonic)  radiation 
from  the  mode-locked  Ndsglass  laser.  When  1.06  P  radiation  was 
used  to  produce  filaments,  the  same  Nd  laser  provided  the 
radiation  for  filament  formation  and  for  side  illumination:  when 
0.694  p  radiation  was  used  to  produce  filaments,  synchronization 
of  the  ruby  and  Nd  laser  pulses  was  achieved  by  switching  the 
Kerr-cell  Q-spoiler  of  the  ruby  laser  by  a  spark  gap  triggered  by 
a  part  of  the  Nd  laser  beam^.  Photographs  were  taken  on  Polaroid 
Type  47  film  v/ith  a  camera  lens  of  8  to  30  magnification.  Selective 
filters  were  used  to  eliminate  scattered  light  of  the  main  laser 
beam.  At  the  same  time,  photographs  were  taken  of  the  main  laser 
beam  at  the  exit  plane  of  the  cell,  in  order  to  determine  the  total 
number  of  filaments  produced  in  each  experiment. 

The  main  method  used  for  detection  and  analysis  of  the  filaments 
was  to  place  the  glass  cell  (selected  for  its  negligible  strain) 
containing  liquid  CSj  between  crossed  polarizers,  with  polarization 
directions  at  45°  to  that  of  the  illuminating  laser  beam.  Since 
filaments  are  known  to  be  almost  linearly  polarised  parallel  to 

7 

the  polarization  direction  of  the  laser  beam  producing  them  ,  the 

1 

birefringence  n /)  —  n^»  is  given  by  Mlj./ljj  )v(nd)  when  the  main 
laser  beam  is  polarized  perpendicular  to  the  propagation  direction 
of  the  illuminating  light  as  in  the  present  arrangement.  In 
this  expression,  I ^  is  the  power  density  of  the  illumination  light 
of  wavelength  X,  is  the  power  density  of  t fie  perpendicularly 
polarized  component  produced  by  the  filament  and  d  is  the  filament 
diameter.  While  this  method  was  chosen  because  it  is  one  of  the 
most  sensitive  for  the  detection  of  filaments  we  also  used 
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Schlicren  photography  to  measure  the  total  amount  of  light 
scattered  from  the  filaments.  (An  attempt  to  determine  the  sign 
of  the  refractive  index  change  by  using  the  phase-sensitive 

g 

method  did  not  lead  to  a  unique  result.) 

Typical  filament  traces  excited  by  the  1.C6  P  laser  beam 
are  shown  in  Fig.  1.  These  were  produced  in  a  cell  6  cm  long  and 
2  cm  thick,  filled  with  liquid  CS„  at  ~  20°C.  The  main  laser 

4. 

beam  was  focused  beyond  the  exit  end  of  the  cell  with  a  lens  of 
relatively  long  focal  length  (~  23  cm)  compared  to  the  cell  length. 
The  side-illuminating  beam  of  0.53  P  radiation  covered  the  entire 
area  shown  in  Fig.  la  and  b. 

The  filament  traces  of  Fig.  la  were  photographed  at  1  cm  from 
the  exit  end  of  the  sample  cell.  Approximately  15  traces  can  be 
seen?  these  were  produced  by  a  total  of  30  filaments,  as  detected 
in  photographs  of  the  exit  plane.  (Usually,  only  about  l/5th  of 
the  filaments  appeared  to  produce  traces.)  The  lengths  of  the 
traces  are  1  to  2  mm  and  their  widths  ~  6  P  (as  determined  from 
photographs  with  larger  magnification).  Almost  all  filament 
traces  were  observed  only  in  the  region  of  coincidence  of  the  main 
laser  and  illuminating  beams,  indicating  that  the  filaments 
disappeared  immediately  after  the  light  pulses  had  passed  through 
the  observation  region.  Thus,  the  lengths  of  the  traces  in  Fig.  la 
may  be  considered  to  give  an  upper  limit  to  the  filament  duration 
times  of  approximately  5  to  10  picoseconds. 

The  production  of  filament  traces  shown  in  Fig. 
ready  explanation  in  the  birefringence  caused  by  the 
effect.  The  intensity  of  individual  filament  traces 


la  finds  a 
optical  Kerr 
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Fig.  la  is  typically  measured  to  be  ~  10  of  the  time- integrated 

power  density  (J'l,,  dt)  of  the  illumination  light  which  enters  the 

cell,  although  some  traces  are  considerably  more  intense.  Since 

each  filament  trace  is  presumed  to  be  produced  by  only  one  of  the 

20  mode-locked  pulses,  whereas  the  measured  intensity  of  the 

illumination  light  is  the  integrated  intensity  of  all  20  pulses, 

the  value  for  individual  filaments  is  ~  2x10“^.  por 

filament  diameters  d  =  6p,  this  value  corresponds  to  a  birefringence 

-  3 

n//  “  nj.  =  1*2x10  .  This  value  is  much  smaller  than  that  (~  0.2) 

g 

reported  by  Brewer  and  Townes  for  the  special  types  of  filaments 

observed  by  them  but  is  in  good  agreement  with  the  value  estimated 

from  the  anti-Stokes  rings  in  the  stimulated  Raman  effect*0. 

Furthermore,  if  we  assume  that  the  birefringence  is  due  to  the 

optical  Kerr  effect  (which  is  based  on  the  reorientational  theory 

of  molecules)  the  power  density  P  within  each  filament,  is  calculated 

to  be  60  GW/cm2,  from  -  n,  =  ^jBE2  =  ant*  using  the  known 

it 

value  for  the  Kerr  constant  B  .  Therefore  the  energy  in  each 

3 

filament  is  1  to  2  ergs,  in  agreement  with  the  reported  value  . 

~  3 

The  true  value  for  n/;  -  n^  is  probably  a  little  larger  than  1.2x10  , 

because  the  actual  duration  time  of  filaments  can  be  shorter  than 

that  calculated  from  the  length  of  the  traces  in  Fig.  la  (5  to  10 

pscc.),  although  it  must  be  longer  than  the  reorientational 

1 2 

re’axation  time  for  CSg,  ~  2  psec  .  Since  n^  —  n^  depends  on  the 
square  root  of  Ij./l„  »  this  correction  does  not  exceed  the  factor 

[5.  Therefore  n^  -  n^  is  typically  2tlxl0"^,  and  does  n<  l  exceed 

-2 

10  even  in  the  strongest  traces. 

In  the  above  calculation  of  Ij_ / T jj  we  assumed  that  most  of  the 
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energy  of  the  laser  radiation  was  confined  to  the  train  of 

picosecond  pulses  with  separation  equal  to  the  transit  time  of 

light  in  the  laser  cavity.  Neither  the  oscilloscope  tiaccs  noi 

the  two-photon  fluorescence  technique  have  sufficient  resolution 

to  confirm  this  since  they  cannot  distinguish  between  a  train  of 

such  sharp  pulses  or  of  sharp  pulses  superimposed  on  somewhat 

broa’er  pulses.  However,  the  same  polarization  technique  as  used 

above  for  the  filaments  was  also  used  to  determine  the  birefringence 
"to 

due^the  whole  laser  beam  and  its  power  density.  The  birefringence 
produced  by  the  laser  beam  at  the  entrance  end  of  the  sample  cell  is 
shown  in  Fig.  lb.  The  length  of  the  broad  white  trace  shows  the 
temporal  width  of  the  picosecond  pulse.  From  the  density  of  this 
trace,  the  power  density  of  the  laser  radiation  was  determined  and 
the  resulting  estimate  of  the  total  energy  in  the  picosecond  pulses 
was  in  agreement,  within  a  factor  of  two,  with  the  energy  measured 
directly  with  a  calorimeter.  Furthermore,  no  birefringence  was 
detected  when  the  coincidence  between  the  two  beams  was  shifted 
to  a  region  outside  that  shown  in  Fig.  lb  and  we  conclude  that  there 
was  very  little  laser  field  outside  of  the  picosecond  pulses. 

Other  types  of  traces  which  were  stationary  in  space  and  had 
longer  d  uration  times  were  also  observed.  They  could  be  distinguished 
from  the  typical  filaments  of  Fig.  la  by  two  characteristics: 
they  appeared  irrespective  of  the  coincidence  between  the  illuminating 
and  main  laser  beams,  and  they  were  usually  observed  as  dark  lines, 
as  seen  in  Fig.  lb.  Since  these  dark  lines  were  observed  even  in 
the  pictures  taken  without  polarizers,  these  traces  persisted  for  a 
time  comparable  with  the  laser  pulse.  At  relatively  low  excitation 
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power,  the  number  of  these  traces  was  much  smaller  than  the  total 
number  of  the  filaments  as  detected  at  the  exit  end.  Most  of  them 
were  observed  close  to  the  entrance  end  of  the  cell  and  rarely 
at  the  exit  end.  The  mechanism  of  these  traces  is  not  clear; 
whatever  the  mechanism,  the  energy  involved  in  this  process  seems 
to  be  larger  than  that  required  to  produce  the  normal  filaments 
(Fig.  la).  The  relation  of  the  two  types  of  traces  may  be  best 
explained  as  fellows:  Filaments  with  varying  energy  are  formed 
in  the  first  stage,  but  those  with  the  larger  energy  lose  much  of 
their  energy  rapidly  by  other  non-linear  loss  mechanisms  leaving 
traces  of  the  after-effect  mainly  in  the  entrance  part  of  the  cell. 
Only  the  filaments  with  relatively  small  energy  of  the  leading  edge 
of  the  filaments  can  travel  to  the  exit  end  of  the  cell  with  small 
losses. 

The  traces  of  the  filaments  produced  by  the  ruby  laser,  which 
were  photographed  close  to  the  exit  end  of  the  cell  showed  similar 
characteristics  and  approximately  the  same  birefringence  as  those 
in  Fig.  la.  Their  lengths  were  usually  1  to  2  mm  but  some  traces 
were  as  long  as  3  mm.  The  number  of  traces  observed  was  much 
smaller  than  that  of  the  filaments  detected  at  the  exit  end  of  the 
cell  ( l/bO  to  l/lOO),  but  this  is  not  unreasonable,  since  only  a 
small  number  is  expected  to  coincide  with  the  illumination  light. 

The  lengths  of  the  traces  indicate  that  the  filament  duration 
times  are  less  than  15  psec.  But  it  cannot  be  completely  excluded 
that  they  are  stationary  traces  in  space,  because  the  two  laser 
beams  (from  ruby  and  Nd:glass)  are  independent  and  we  cannot  determine 
precisely  the  region  of  coincidence. 
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The  present  observations  are  limited  by  the  relatively  low 
sensitivity  (An^lO  )  and  tc  filaments  which  are  produced  by 
particular  typos  of  lasers.  However,  this  method  is  capable  of 
detecting  An  ~  10*"4  in  a  5-lOn  filament  by  using  a  single  spike 
of  a  mode-locked  Nd  laser  and  will  be  a  useful  tool  to  study 
various  aspects  of  the  optical  trapping. 

The  authors  would  like  to  thank  R.A.  McLaren  and  A.  Jares  for 
experimental  and  technical  assistance. 
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Figure  Captions 

Fig.  1.  "Side*  pictures"  of  the  mode-locked  ?ld  laser  beam  and 

resulting  filaments.  The  areas  shown  were  illuminated  by 
a  collimated  beam  of  polarized  radiation  (0.53„/t)  and 
photographed  through  a  crossed  polarizer.  The  main  laser 
beam  producing  the  filaments  travels  from  left  to  right. 

(a),  1  cm  from  the  exit  end  of  the  cell  showing  filaments 
as  sharp  horizontal  traces.  (h)  1.5  cm  from  the  entrance 

end  of  the  cell  with  slightly  higher  power  density  than 
(a).  One  of  the  dark  traces  is  seen  to  extend  outside  of  the 
coincidence  region  (white  broad  trace).  Circles  and  other 
irregular  patterns  are  due  to  imperfections  in  the  polarizers 
and  to  inhomogeneity  of  the  illumination  beam. 


I  rr  m. 
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High-Resolution  Raman  Spectroscopy  of  Gaeer  with  Laser  Excitation* 


W.R.L.  Clements  and  B.  P.  Stoicheff 


The  advent  of  the  laser  has  paved  the  way  for  significant 
advances  in  high-;  esolution  Raman  spectroscopy  (l).  In  earlier  work 
with  mercury  lamp  sources  (l,2,;5)  the  effective  resolution  was  limited 
to  ~  0.3  cm“*  by  the  widths  of  the  exciting  lines.  The  intense  6328  X 
line  of  presently  available  He-Ne  lasers  iB  almost  one-tenth  of  this 
width,  the  maximum  being  approximately  0.05  cm“l.  To  achieve  an 
equally  high  resolution  in  Raman  spectroscopy  of  gases,  it  is  necessary 
to  reduce  both  pressure  and  Doppler  broadening  and  to  use  a  dispersing 
instrument  having  a  revolving  power  r.  lO^. 

In  this  letter  rc  describe  a  technique  which  has  enabled  us  to 
take  full  advantage  of  the  increased  resolution  provided  by  laser 
excitation.  Spectre  arc  obtained  at  pressures  as  low  as  the  available 
laser  intensity  will  permit.  Observation  is  limited  to  small-angle 
scattering  since  the  Doppler  breadth  associated  with  light  scattering 
is  a  nir.imin  in  the  forward  direction  (4).  Motional  narrowing  (p) 
reduces  this  breadth  further  as  shown  by  Cooper,  Hay,  Kara  end  Knaap  (6) 
and  Murray  nd  Javan  (7).  Finally,  the  scattered  radiation  is  analysed 
by  a  pressure-scanned  Fnbry-Pc-rot  interferometer  (8)  rather  than  by 
tho  traditional  grating  instruments. 

Our  experimental  arrangement  is  shown  in  Fig.  1.  Radiation  at 
6328  X  fieri  a  Ko-He  laser  4  ci  long  is  used  to  excite  the  spectra;  the 
total  power  is  4 CO  mV/  in  a  line  full-width  at  half  intensity 
—  0.023  cm“*.  The  6328  X  radiation  is  isolated  vdth  a  10  X  band-pass 
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filter  and  then  focused  in  the  scattering  cell  by  a  lens  of  1  m  focal 
length.  The  pyrex  glass  scattering  cell  is  1  o  long  and  contains  the 
cample  gas  at  pressures  up  to  2  atm.  This  is  followed  by  several 
narrow  band-pass  filters  which  block  the  laser  light  and  transmit  the 
scattered  radiation  under  study.  Radiation  scattered  at  2°  is  then 
collected  by  a  conical  lens  and  analysed  with  a  pressure-scanned  Fabry - 
Perot  interferometer.  For  investigating  rotational  Raman  lines  with 
small  frequency  shifts  it  was  found  necessary  to  place  a  monochromator 
immediately  in  front  of  the  F-P  interferometer  to  be  used  in  conjunction 
with,  or  instead  of,  the  narrow  band-pass  filters.  This  not  only  helps 
to  eliminate  the  laser  light  but  also  to  isolate  individual  rotational 
lines.  In  addition,  fluorescence  originating  in  the  interference 
filters,  lenses  and  windows  of  the  scattering  cell  (with  maximum 
intensity  at  wavelengths  longer  than  6800  %)  was  suppressed  with  the 
use  of  the  monochromator. 


Spectra  of  the-  SO.)  rotation?-?.  3i.no  of  observed  with  both 
fonvt  -a  and  90°  scattering  are  compared  in  Fig.  2.  Both  spectra  were 


obtained  at  a  gas  pressure  of  2  atu;  the  interferometer  spectral  free- 
range  was  0.5  cr.;”1  and  the  cffecti.ve  resolution  ~  0.02  cm-"*.  At  90° 


scattering,  the  full  width  at  half  maximum  intensity  of  the  line  is 
0.15  cm.  and  corresponds  to  the  Doppler  breadth  at  20°C  modified  by 


motio2:r.l  narrowing.  In  the  forward  direction,  the  observed  line  width 
is  reduced  to  0.0^  cm”^.  However,  this  v.O.uc  represents  the  total 
instrumental  width  (including  the  laser  and  interferometer  linev.-idths ) ; 


the  true  linev idth  which  is  due,  solely,  to  pressure  broadening  is 
0.006  cm*^  at  2  atm  (6). 


Another  example  of  the  increased  resolution  achieved  with  this 
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technique  is  given  in  Fig.  3  which  shows  the  Q  branch  of  the 

totally  symmetric  band  of  CH^.  Its  linewidth  is  ~  0.3  cm”^,  which, 
as  already  noted  was  the  limit  of  resolution  in  pre-laser  work.  The 
spectrum  wajs  obtained  at  2  atm  pressure,  with  the  interferometer 

spectral  free-range  being  2.5  cra**^  and  the  total  instrumental  width 

,  a 

~  0.07  cm--1.  Because  of  low  intensity,  a  digital  counter  withA500  sec 

A 

counting  interval  was  used  and  the  observed  spectrum  is  indicated  by 
circles 

the  solid  in  Fig.  3  *  It  is  possible  to  detect  some  structure  within 
the  narrow  Q-branch  observed  with  the  presen';  techniques.  This  struc¬ 
ture  is  interpreted  to  be  due  to  a  small  difference  in  rotational 
constants  of  the  (0000)  and  (1000)  levels  with  the  spacing  given  by 
the  usual  expression  (B^  -  BQ) J  (J  +  1).  Trial  analyses  were  attempted 
with  tentative  rotational  numbering  of  the  observed  peaks.  The  best 
numbering  is  that  represented  by  the  straight-line  graph  whose  slope 
gives  the  value  Bi  -  B0  ~  -  0.00p4  erf*-’-  (Fjg.  h).  With  this  value  of 
cop  the  relative  positions  of  tue  rotational  lines  within  the  Q* •branch 
were  calculated  and  these  are  indicated  j.n  Fig.  3*  Also,  the  relative 
intensities  of  the  rotational  linos  were  computed  and  assuming  line- 
vidthe  of  0.07  cn“I  a  calculated  spectrum  was  obtained.  A  comparison 
of  tills  calculated  spectrin;  with  the  observed  spectrum  chows  cat  is  facto 
agreement . 

The  above  preliminary  investigations  demonstrate  that  the  laser 
is  a  potentially  valuable  excitation  source  for  extremely  high  revolu¬ 


tion  Hasan  spectroscopy  of  gases. 
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FIGUPB  CAPTIONS 


1.  Diagram  of  apparatus  for  high-resolution  Raman  spectroscopy  of 
gases. 

2.  Profiles  of  the  S(l)  rotational  line  of  gas  Rt  2  atm  pressure 
observed  in  forward  and  QC0  scattering. 

Q  branch  of  the  band  of  (Av  =  291?  cra**^)  at  2  atra  pressure. 
The  solid  circles  O  are  experimental  intensity  points  obtained 
with  a  digital  counter  using  $00  sec  intervale,  and  the  dashed 
line  -  -  -  is  the  envelope  of  the  computed  spectrum. 

4.  Frequency  separation  of  observed  peaks  from  the  J  «  5  peak  plotted 
against  J(J  +  1). 
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Stimulated  Itaraun  Unit  sion  in  Diamond! 

Spectrum,  Gain  and  Angular  Distribution  of  Intensity* 

t 

A.  1'.  KcQuille.a* ,  iV.h.L.  Clcr.eatn*  and  J).  P.  Stoichoff 
Department  of  IhysicG,  University  of  Toronto 
Toronto,  Canada 

Abstract 


An  experimental  study  of  norn.nl  and  etim eluted  liman  emission  in 
diamond  io  presented  including  nco.ourouents  of  linowidth,  intensity  and 
angular  distribution  of  radiation  hc.vine  s  frequency  shift  of  1  J32.0  cn*^. 
The  diamond  crystal  formed  a  Daman  resonator  and  excitation  was  by  n 
Giant-puloo  ruby  lamer.  The  dependence  of  normal  Stakes  emission  on 
lanar  intensity  end  tho  threshold  for  oscillation  were-  investigated.  A 
value  for  the  human  train  (c  «  C.9  *  10”*  cm"-1-  per  li'V/cu^ )  v;ao  calculated 
from  tho  neaeured  liner,  idth  (dv  «  2.0^  eu~^)  and  cror.n-oection  for 
ocatterinGjand  found  to  bo  in  (,ood  agreement  with  u  value  determined 
from  tho  threshold  for  oscillation*  Tho  angular  distributions  of  nnti- 
Stokos  and  Stokes  cmicLion  and  absorption  for  parallel  and  convergent 
laser  ll^ht  arc  also  in  ccpd  nr.rccr.ont  with  theory}  the  cniauiou  cone 
ancles  arc  stronply  dependent  on  tho  ancle  of  convergence  of  tho  incident 
licht  and  it  in  established  that  the  preferred  directions  for  emission 
ore  those  nuking  use  of  the  nest  intense  first-order  Stokes  radiation 
which  is  peaked  in  tho  for. .are  direction  within  the  Ik; man  resonator. 
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Introduction 

Ku:;crouo  investigations*  of  tho  anomalous  gain,  angular  distribution 
of  intensity  and  spectral  linevidthr.  In  stimulated  Karan  emission  have  boon 
carried  out  with  liquids,  arid  rone  v-ith  go.  roc.  Corrc  ? spending  studios  with 
solids  are  rare,  The  first  report  of  stimulated  !!o.r.:r.n  emission  in  cryr.tc.lo 
(cnlcite,  diamond  imd  a-sulphur )  van  given  in  19^3  by  Kckhardi,  Port  fold 
and  Qellor2.  In  195*5,  Chino  and  Ctoichoff^  made  precise  measurements  of 
tho  anti-Stokes  emission  angler,  in  calcitc;  'fauntavald^  (196?)  reported 
tho  obsorvntion  of  r.odc-pulling  in  a  Raman  rcconator  of  cryctnlli.no  quarto; 
end  Sisson  and  llnycr^  (19C>7‘*S)  observed  an  r.acnaloun  gain  in  Unman  recona- 
torc  of  calcito,  the  experimental  gain  being  approximately  ten  tines  tho 
calculated  gain. 

Tho  present  paper  do  ala  with  the  characteristics  of  the  normal  end 
stimulated  Iter:, an  cnirusion  in  diamond.  Diar’.ond  is  particularly  well-suited 
for  stimulated  Kan  an  experiuonto  since  the  firct-ordcr  P.ui  ;:an  spectrum  is 
known**  to  consist  of  a  single  sharp  lino  of  relatively  high  intensity. 
Therefore,  the  threshold  for  stimulated  cninnion  is  expected  to  be  low. 

Tho  available-  diamond  crystal  vug  in  the  fora  of  a  plate  with  parallel 
surfaces,  and  because  of  tho  large  refractive  index  of  diamond,  the  plate 
cervert  an  a  resonators  thus  our  experimental  results  have  been  strongly 
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ehc-ip  increase  in  intensity  by  a  factor  of  ~  10^,  and  eventually  by 
saturation  and  damag o  to  the  crystal.  In  a  resonator, the  onoot  of  oscil¬ 
lation  in  governed  by  the  condition  Fe^S-^1'  n  1,  chore  F  io  the  feedback 
factor,  £  and  a  are  the  gain  end  loon  constants  end  L  ic  the  crystal  length. 
This  condition  vac  used  to  determine  a  value  for  tho  gain  from  the  observed 
threshold  for  oscillation.  A  thorough  ctucly  of  the  inhomogeneous  intensity 
distribution  of  a  laser  and  Stokes  radiation  in  the  resonator  t?on  also 
carried  out  in  order  to  properly  evaluate  the  gain  constant.  G>od  agree¬ 
ment  tau  found  between  tho  value  determined  in  thiG  way  and  that  calculated 
fron  tho  measured  scattering  cross-section  and  linevidth.  Self-focusing 
«as  not  apparent  nor  van  etir.uluted  Brillouin  scattering  detected  at  the 
pouer  levels  used  in  these  experiments.  The  stimulated  linevidth  was 
observed  to  bo  an  order  of  magnitude  remoter  t.hrr  the  normal  linevidth, 
and  on  occasion  two  axial  components  of  tho  Pama.n  resonator  wore  observed 
with  evidence  of  mode-pulling  and  strong  rodc-int emotion. 

The  angular  distribution  of  intensity  in  the  stimulated  Kurina 
emission  van  discussed  in  ncue  of  the  first  papers  on  the  theory  of  the 
process^'*®.  From  the  me  ren  tun-:  latching  condition  based  on  u  plane- 
wave  model-  m ir.in  of  anti-Stokes  and  Stoker  emission  (and  the  correspon¬ 
ding  minims  in  first- order  btokes  c:  issicn)  are  predicted  according  to 
the  vave -vector  relations 


k  ♦  h  1:  ; 

o  n-1  -1  n ’ 
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Mere  hc ,  h„j ,  ku  end  1:..R  are,  respectively,  tho  laser,  the-  first  Stokes 
arid  tlie  nth-order  auti-ktokoa  and  blokes  t/uve  vecto:c.  Such  distribution 
of  intensity  in  cnlcitc  uaa  investigated  by  Chino  and  Ctolchofi^  who  found 
that  agrees jnt  botveen  the  observed  and  calculated  cone  angle 3  van  within 
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the  experimental  err o:  of  n  few  percent*  when  an  oasontinlly  parallel 
laoor  bom  wan  incident  on  tho  cnleito.  In  addition,  they  noted  a 
eigi  ’.ficar-t  increase  in  emission  anglou  of  a nti-.Ttcl-.en  radiation  an  tho 
focal  length  of  the  lono  uned  to  focus  t  o  Inner  bean  imt  decreased. 
Shir.odn^  Jinn  dissussod  cuch  an  increase  in  cono  nnglo  with  increase  in 
ancle  of  convergence  of  the  laser  bean;  and  Uloonbcrgau  and  dhen^  l  ave 
considered  ti  ulti-r.odo  effects  where  two  la  a  or  rode  a  with  a  relative  ancle 
0  result  in  broadened  anti-Stokes  omission  cones  with  an  increase  in  apex 
half-ancle  of  about  0/2.  Vie  have  endo  a  detailed  utudy  of  tho  angular 
depondeuco  of  unti-Ctokeo  and  Stokes  radiation  in  diamond,  and  investigated 
in  particular  the  changes  in  cono  angles  with  differout  bears  apertures  and 
different  beam  convergence. 


experimental  I’r o c •; d u r e 


Tho  crystal  of  type  II  A  diamond  vav  in  the  ford  of  a  plate  2.18  r.m 
thick  and  with  flat,  highly  polished  and  almost  parallel  aurfcces  (wedge 
angle  ~  1C’).  Diamond  has  a  refractive  lmie:-:  of  2 .  h ;  thus  the  reflec¬ 
tivity  at  the  air  .eu"facc.a  ic  17/  and  the  plate  behaves  or-  a  Ik. sun 
resonator.  A  Lnuo  X-ray  C?.f  fraction  photograph  established  that  the  £lll] 
texiti  of  the  crystal  war*  a; pro::!::.-  tcly  perpendicular  to  the  polished  faces 
of  tho  dies  nd  plate. 

For  oca sure sen l  of  the  normal  J.'nf-ir.n  linevidlh,  the  epectrnn  van 
excited  by  5,  f>pio  vadi a.i ion  of  a  lie-Mo  laser  and  analysed  with  a.  Fabry-* 

I  crot  interfere  \  ter,  as  described  by  Cl <  irr.ts  and  Stoiohof f~^.  In  this 
experiment,  lha  Fabry -J  vrot  i,  cor  v;  r  O.il-Cy*  O.CC*>  mirror  reflec¬ 
tivity  van  93/  ard  total  laser  plan  ir.ctriv  ratal  width  was  O.C C1.  c.  ~*« 


Tho  scattered  light  v?to  observed  at  right  rnglee  to  the  incident  bean. 

Stipulated  Ron  on  emission  v/ae  excited  by  \  OyhO  radiation  from  a 
giant -pul no  ruby  Inner.  The  radiation  was  plane  polarised  and  ran  emitted 
in  n  ninglc  puls©  of  ~  JO  nacc  duration  end  in  a  singlo  (or  nearly  single) 
nxinl  pov’o  .  Good  reproducibility  in  the  later  pul  no  mo  obtained  by  firing 
the  Inner  nt  constant  pernor  near  threshold  nt  regular  intervale  with  the 
ruby  nt  a  conr.tc.nt  temperature  (~10°C). 

The  experimental  arrangement  for  photographing  the  stimulated  Karan 
spectrum  and  for  meauurir.g  itn  intensity  in  ehoun  in  Fig.  1.  Inner  rndin¬ 
tion  was  incident  on  an  nporturo  of  J.6  mm  diameter  and  ite  intensity  war, 
neacured  by  a  9J1A  (RCA)  phototube.  A  lens  of  18  cm  focal  length  ran  urod 
to  focus  the  laser  beam  2  cm  beyond  the  diamond  crystal.  Radiation 
eca.ttered  in  tho  forward  direction  ran  focused  on  tho  slit  of  the  grating 
spectrograph.  Photographs  of  the  Rowan  spectrum  rare  obtained  v.lth  a 
1  cm"*  slit  width,  end  e  reciprocal  linear  dispersion  of  20  cuT^/nm  Some 
photographs  were  oleo  obtained  at  much  higher  resolution,  with  tho  spectro¬ 
graph  replaced  by  a  Fnbry-Perot  interferometer  and  a  1  .otro  camera  lens. 

For  measuring  the  intensity  of  first-order  Stokes  radiation, the 
method  used  was  that  described  in  a  recent  study  in  this  laboratory***  of 
intensity  measurements  in  liquid  Ch>  and  The  laser  radiaticn  was  varied 

by  inserting  neutral  density  filters  in  the  hear  nt  the  entrance  aperture. 
Radiation  scattered  in  a  core  of  J.9  >:  10**5  Cy  vvr,  collected  through  ar. 


aperture  and  focused  cn  the  slit  of  the  spectrometer.  A  7102  (RCA)  photo¬ 


tube  urns  used  to  detect  the  Stoker,  radiation  and  the*  Stoker  and  laser 


signals,  rcru  dir, played  on  a  dual  be- am  cncJ.13oscopc  (Tekfc renin  yj'-j ) .  Tko 


pules  heights  gave  effective  measurements  cf  tho  Stokes  tnt 


’nten- 


siiioa-  Tho  transmission  charr.ctorir i"  a 


of  tho  spectrometer  end 
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attenuating  filters  uc  well  n  tho  sensitivity  of  the  phototubes  were 
determined  and  tho  complete  arrangement  wits  calibrated  by  measuremento 
with  benzene,  all  no  described  in  tho  earlier  work^tf.  The  measured 
Roman  intensity  io  estimated  to  bo  accurate  to  £  3 0#. 

For  observation  of  the  angular  distribution  of  intensity,  the  same 
arrangement  as  Fig.  1  .  used  but  with  the  optical  elements  ufter  the 
diamond  crystal  replaced  by  n  camera.  Appropriate  filters  were  placed 
in  front  of  tho  camera  to  isolate  the  various  Otoken  and  anti-Stokes 
frequency  components. 


The  Spectrum 

The  normal  Roman  spectrum  cf  the  diamond  crystal  consists  of  a 
cingle  lino  nt  a  frequency  shift  of  135?  cm“*.  This  line  vao  found  to 
havo  n  Lorcntzian  lincohape  with  full  width  at  half  intensity  maxinun 
ueanured  to  be  2r04  £  0,04  cn“^,  at  loom  temperature.  Measurements  of 
the  linewidthe  exhibited  by  two  other  diamond  crystals  (also  type  II ) 
gave  similar  values,  namely  2,09  -t  0.04  and  2.22  £  0.04  cm***. 

Photographs  of  the  stimulated  Roman  speclrur.  of  diamond  revea3.cd 
four  sharp  linf.s,  two  being  tho  fix-st-  and  second-order  Stokes  lines  and 
two  tho  corresponding  nnti-Stokcs  lines.  Their  frequency  shifts  from  tho 
exciting  lino  were  measured  tc  be  1351. 8  --  2  cn”^  and  double  this  value, 
corresponding  to  the  fund  mental  and  exact  multiple  of  the  C-C  vibrational 
frequency.  Examination  of  tin  'irst-ordor  Stokec  line  nt  high  resolution 
with  a  Fabry-Pcrot  interferometer  (Fig.  2)  showed  that  its  width  mod  vci'y 
narrow,  with  variation  of  0.1  to  0.2  cm***-,  from  shot  to  she  t  of  the  laser. 
This  spectral  width  is  at  least  onc-tonth  that  of  the  normal  Raman  lino, 
yet  considerably  larger  thru  that  of  the  laser  exciting  line. 
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In  approximately  ten  porcent  rt  these  phot  graphs  the  stimulated 
Stokes  line  was  split  into  two  components  separated  by  0.35  -  0.15  cra"^ 
(Fig.  2)  while  tho  laser  exciting  line  itself  remained  single  and  sharp. 
Further  study  of  the  spectrum,  with  the  emission  region  of  tho  crystal 
magnifier1  20  X  (Fig.  3)  and  100  X  revealed  the  presence  of  many  regions 
of  oscillation  each  approximately  50  p  wido  and  100  to  150  p  long.  Their 
eise  v'-as  governed  partly  by  tho  multiple  bean  interference  fringes  with 
spacing  >y(2n6)  «  55  p»  corresponding  to  tho  10’  tilt  6  botwocn  the 
polished  faces  of  the  crystal,  and  perhaps  also  due  to  imperfect  surfaces 
or  to  tho  existence  of  many  crystallites.  (Spectra  observed  with  a 
tilted  Fabry -1'ero t  interferometer  and  100  X  magnification  indicated  that 
these  regions  sometimes  oscillated  independently  of  ono  another,  some  in 
a  single  mode,  others  in  two  axial  nodes,  with  tho  magnitude  of  tho 
splitting  and  the  intensity  ratio  of  the  two  nodes  varying  from  region 
to  region.) 

The  average  mode  separation  in  our  diamond  resonator  is  l/(2nL)  w 
1  cm-3. ,  which  is  approximately  half  the  normal  Karan  linewidth.  finder 
these  conditions  there  should  bo  strong  node-pulling,  as  observed  by 
TanueJi'.’ald*1'  in  Parian  resonators  cf  quarts.  Fodo-pullin j  would  bo  expected 


to  decrease  the  mode  separation  by  the  factor  (1  -  ,\vc/Avu )  where  6vft  is 
tho  normal  Fa  nan  linewidth  and  *;v>c  is  the  cavity  linewidth  defined  in  the 
usual  way  ns  ovc  «  u’/(2xnL),  with  u*  the  fractional  power  loss,  (l-’i), 
at  tho  cavity  surfaces.  For  ideal  surfaces  !vc  ~  0.3  cm“^,  however  as 
shown  by  the  width  of  the  fringes  in  Fig.  5,  tho  Value  for  our  crystal 
in  approximately  twice  this  value,  that  is  Avc  ~  0.6  cr“^.  This  would 
lead  tc  c  decrease  of  the  node  separation  from  a  vnluo  of  ~  1  cn“^  to 
~  0.7  cn“*,  still  somewhat  larger  than  the  observed  separations  in  the 
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range  0.?  to  0,5  cu~*.  Further  decrease  could  urine  fror;  all  absorption 
lontA  related  to  focusing  geometry  or  fror;;  strong  olcctric-ficld  interac¬ 
tion  effects  nr.  observed  in  ear  lasers5^  when  tho  cavity  code-spacing  and 
the  norr.nl  (agontoncoun)  linovidth  are  almost  tho  couo,  no  in  tho  present 
oxporinent. 

Intensity  of  Stokes  Kadiation  and  roman  Cain 

Tho  observod  intensity  of  first-order  Ctokoc  radiation  and  ito 
dependence  on  incident  laser  intensity  in  shown  in  the  graph  of  Fig.  *'>• 

At  lor.  laser  power,  nomal  Kenan  cr.iicr.ion  was  observed,  end  this  in¬ 
creased  linearly  with  increasing  laser  power  The  threshold  for  occil- 

lation  occurred  et  a  laser  power  of  1.05  M  end  Stokes  intensity  increased 

c. 

sharply  by  a  factor  of  about  10  for  an  increase  in  Inner  power  to  1.5  !;V/. 
At  higher  laser  powers,  saturation  cot  in  end  further  increase  resulted 
in  denote  to  the  crystal. 

The  region  of  normal  Hanna  emission  is  shown  in  more  detail  in 
Fig.  5»*'hich  clearly  illustrates  tho  line?)*  increase  of  0 token  power  with 
increasing  Inner  power,  "he  measured  slope  of  thio  graph  v/r.s  used  to 
obtain  f-  value  for  the  total  far..?- n  scattering  efficiency  S,  which  in 
defined  as  the  ratio  of  the  lumber  of  scattered  photons  at  frequency  t-’e 
(produced  par  unit  time  per  unit  cross-section  a 1  area  of  crystal  in  a 
solid  angle  "  about  tie  direction  of  observation)  to  the  number  of 
incident  photo"'-,  of  frequency  uo  crossing  unit  area  in  unit  time.  The 
e:-perir.tuntnl  value  of  5  ia  given  by  Gy  f\'0  )(l/3  ,  who.ro  V  y  i. r.  the  Knri.'ui 

power  for  the  whole  kr.v.t.n  line  scattered  into  the  solid  r.nglo  f,  Y'0  is 
the  corresponding  laser  paver,  and  h  is  tho  path  length,  A  Value  of 
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S  ■  2.7  x  10”?  cb“^  or“^  wgo  obtained,  having  nn  estimated  accuracy  of 
*  30/^*  How  3  is  related  to  da/dx,  the  rate  of  change  of  electronic 
polarizability  per  unit  coll  with  relative  displacement  of  the  atoms, 
and  according  to  Smith^  Gna  Loudon^-?  is  givon  by 


3hl«  Idnl^ 


2r.c 


g 


Here  uQ  *  «0  “  wr  *D  ^ii0  Stokea  angular  frequency,  t»0  io  tho  laser  fre¬ 
quency  and  t-‘r  «  1332  cn~^j  H  io  tho  number  of  unit  colie  per  unit  volume, 
n0  io  tho  Boss  population  factor  (with  n0  ♦  1  ~  1  at  2'ooia  temperature) 
and  p  io  tho  crystal  donoity.  Frou  tho  above  value  of  3  we  obtain  dw/dx 
•  4.6  x  10”lG  cn^  per  unit  coll,  for  laser  radiation  propagating  along 
tho  [lllj  nxir.  of  the  crystal.  This  value  ie  in  good  agreement  with  tho 
value  4.0  x  10“^  cn^  obtained  by  AimstassnUis,  Iv/aen  mid  Burotein-*-®  frou 
oloctric-field-induccd  infrared  absorption  in  diamond. 

Tho  Homan  gain  per  unit  length  of  active  nediua  is  defined  by 


16:^:*,! 

g  - - o. 

c 

Here,  V>jj  ia  the  scattering  efficiency  of  radiation  polurinod  in  tho  ran 0 
piano  ns  the  incident  plono  polarised  Inner  radiation,  and  equals  3/(1 +  d), 
whore  d  (  c  io  tho  depolarization  ratio;  Av  (cr>”^)  in  the  full  width 

at  half  intensity  of  the  normal  Haunti  lire,  n  in  the  refractive  index  of 
the  medium,  1Q  is  the  incident  laser  intensity,  and  the  regaining  symbols 
have  their  unur.1  no/uiingri.  «Vith  the  above  experimental  values  of  3  «■ 

2.7  x  10”?  cm"*"*'  or”*,  d  «  0.60  and  av  -  2.04  cia’**  tho  h'ariar  gain  in 
diamond  in  calculated  to  be  g  «  6.9  >:  10”-,io  cu“*  with  I0  in 

Thin  value  for  the  Ham an  gain  determined  entirely  frou  the  charac¬ 


teristics  of  tho  normal  Hunan  spectrum  can  now  be  tested-  with  tho  observed 
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threshold  for  oscillation.  A3  already  noted  in  the  Introduction,  tho 
condition  for  oscillation  threshold  in  F  cxp[(g-a)b]  =»  1.  Tho  feedback 

factor  F  ?.  reflectivity  «  0.1?J  the  lose  conntnnt  a  vra s  considered  to  bo 

negligible  (nincu  the  observed  scattering  and  Absorption  Ioooob  at  low  in¬ 
tensities  with  the  ruby  Inner  wore  cnnll)  and  diffraction  lousos  for  such 
a  tin  a  11  path  length  uro  nlso  expected  to  bo  snail  rolativo  to  g.  Thun 

the  threshold  condition  rcducos  to  o^J  =  5»9  «  e-*-*®,  or  gL  «  1.8j  that  in, 

at  threshold  g  »  8.2  cl:”*.  Fron  tho  above  values,  g  *  8.2  »  6.9xlO“3  i 
tho  lanor  intensity  ut  threshold  would  bo  expected  to  bo  IoftJ1200  Kaf/cn^, 
According  to  Fig.  b  the  laser  power  at  threshold  ns  ceaaured  by 
PM-1  is  1.05  K.7.  The  spatial  intensity  distribution  of  the  laser  and 
Stokos  radiation  w»3  investigated  by  taking  near-field  photographs  (at 
laagnification  of  20X)  of  th  illuminated  area  of  tho  crystal.  Tho  laser 
beam  cross-Gectional  area  at  the  crystal  vrs  scasurod  to  bo  C.37  r,r.^s 
however,  the  area  of  r.aximura  Intensity  was  determined  to  be  0.2  mi®  (by 
interposing  neutral  density  filters  in  tho  beaa)  end  this  area  is  shorn 
in  Fig.  3*  Accordingly  tho  laser  intensity  incident  on  the  crystal  it 
threshold  in  1.03/0.002  ~  5*0  KV./cm®.  The  intensity  within  the  crystal, 
however,  in  modified  because  the  crystal  forms  r»  resonator.  Thin  bokwiour 
ic  evident  In  the  ncr.r-ficld  photographs  (Fig.  3)  of  both  the  laser  and 
Stckec  radiation,  which  show  interference  fringes  with  tipt.c5.ng  ~  55  V-t 
caused  by  the  slight  wedge  between  the  polished  faces  of  the  crystal.  For 
such  multiple-tear:  interference,  the  fringe  t;o>:ir.:n  have  intensity  equal  to 
that  of  the  inci  dent  light,  10,  and  tho  Minima  have  intensity  £(1-  !?)/(l+iO]^ 
«  O.5I0  for  disT.cnd  with  17/  reH activity.  Also,  the  fir, case  ~  1.5i  that 
ic,  the  fringe  width  is  somewhat  less  than  the  fringe  spacing  (Fig,  3), 

At  threshold,  only  the  intensity  r.sxir.n ,  comprising  at  sort  half  the  laser 


1 


bourn  nron  at  the  crystal,  rill  bo  effective  in  generating  otiriulnted 


fitokco  radiation.  Therefore,  according  to  thic  anclysin,  the  laser 
intensity  at  threshold  is  at  leaet  530/0*5  or  ~  1100  liw/cn^.  Thio 
apparently  excellent  agreement  with  tho  expected  value  of  ~  1200  KW/cw^ 
ia.,  f«t>  doubt,  fortuitous;  the  experimental  valuoc  of  5  and  S <//  have 
accuracies  of  ~  30/5  and  intensity  peaks  in  tho  fringo  maxima  of  tho  lasor 
radiation  fire  indicative  of  spatial  lr.hor.ogoneity  in  tho  laser  beam.  .In 
upitc  of  tliouo  uncertainties,  the  observed  low  oscillation  threshold  in 
diamond  appears  to  bo  within  n  factor  of  about  two  of  the  value  calculated 
from  tho  Daman  gain  g  *  6.9  JS  10”5 


Angular  Distribution  of  Intensity 


Gains  to  the  thinness  of  the  di.nr.ond  crystal  available,  sene  focusing 
of  the  incident  laser  light  van  necessary  to  observe  stinulated  cmioeion. 
V/itli  the  use  of  a  long  focal  length  lens  (f  «  JO  cn)  and  nlr.oct  parallel 
exciting  radiation,  the  emission  canes  of  ti  e  first  three  orders  of  nnti~ 
Stakes  and  of  the  second -order  Stokes  radiation  were  observed  along  with 
the  corresponding  intensity  minim  in  tho  diffuse  first-order  Stcl.es 
emission.  The  tsoaf-ured  values  of  the  core  angles  arc  given  in  Table  I 
and,  for  coi  pariron ,  the  values  crleulr.ted  from  Jlq.  1  are  included.  In 
these  calculations  tabulated  valuers  of  the  refractive  index  over  the 
wavelength  range  hCCl  f.  to  7593  &  wore  ursed^.  It  is  seen  that  tho 
agreement  is  very  good  for  nil  of  the  or  is;  ion  angles  observed,  although 
not  as  good  for  the  Stokes  minim  which  were  difficult  to  measure.  f;o 


conclude  that  just  as  for  cal  cite,  the  theory  of  the  pinne-vmvc  phase 
Hatching  conditions  is  applicable  to  diamond. 
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I'o  intensity  dependent  change  in  cone  angles  Ran  observed  at 
incident  Inter  power  densities  from  threshold  up  to  2.5  times  threshold. 
Although  nr.  intensity  dependence  in  the  direction  of  maximum  £»nti~Stokoo 
int;  ensity  has  been  predicted  by  Bloombcrgon  and  Shen^,  the  theoretical 
change  in  cone  half-angle  over  thin  range  is  ~  2  x  10“2  rndisno.  The 
necessity  of  uoing  atrongly  convergent  incident  light  (convergence  angle 
0.025  rad.)  to  cover  thie  intensity  range,  and  the  ' ’oneness  of  the  anti- 
Stokes  ringe,  make  comparison  with  theory  inconclusive. 

The  cone  angles  cre  very  sensitively  dependent  on  tho  angle  of 
convergence  of  the  incident  Inner  berm  even  at  threshold.  A  aeries  of 
experiments  tma  carried  out  in  which  tho  laser  radiation  was  focused  by 
lenses  of  different  focr.l  lengths  and  then  incident  on  the  diamond  crystal. 
Focal  lengths  of  2.7,  3»3,  5.2,  9«8»  1?.4,  26.0,  Jl.O  and  50. 0  cm  were  "cod 
and,  as  before,  photographs  of  the  first-  and  second-order  anti-Stokes  and 
of  tho  second-order  Stokes  "rings"  were  obtained.  The  corresponding  angles 
nro  plotted  against  the  reciprocal  of  tho  focal  length  in  Fig.  6.  A  linear 
relation  is  evident  for  tho  anti-Stokes  cone  angles  with  the  angles  in¬ 
creasing  as  the  focal  length  becomes  shorter.  Thus  G^eCl/f.  However, 
the  second-order  Stokes  conn  angles  shov/  a  completely  different  dependence 
on  focal  length.  The  angle  decreases  sharply  with  shorter  focal  lengths 
and  npiiearu  to  reach  a  limiting  value  of  about &.0Cp  radians. 

In  another  series  of  experiments  the  dependence  of  the  cone  angles 
on  tho  aperture  of  the  incident  radiation  was  investigated.  A  lens  with 
f  a  5»15  cn  was  used  to  focus  the  laser  l-enu.  Apertures  of  1.0,  1.6,  1.9, 
2.4,  P.8,  and  5»6  rr.i  diameter  were  placed  in  turn  at  tho  centre  of  tho 
lens  and  photographs  of  the-  rings  were  obtained.  The  results  are  shown 
in  a  graph  of  anti-Stokes  one  angle  versus  aperture  diameter  it.  Fig.  7» 
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The  results  dourly  indicate  a  linear  relation  GAS  cc  3, 

These  two  Borioo  of  experimento  eotnblish  the  rooult  that  tho  cono 
tmglca  of  anti-Stokes  emisGion  depend  on  the  angle  of  convergence  of  the 
incident  exciting  radiatian.  More  prccicoly,  tho  change  in  angle  io  given 
by  a  K(a/f)  where  K  is  a  conatant,  a  the  aperture  radius  and  f  tho 

focal  longth.  The  firet  anti-Stokes  cone  angles  arc  thoroforo  given  by 
®AS  °  +  K(a/f)  where  a/f  defines  the  cone  angle  of  the  periphery  of 

the  converging  laser  bean.  This  result  implies  that  the  wave  vector 
relations  of  Eq.  1  are  rotated  by  tho  angle  K(a/f)  as  shown  in  fig.  8. 

The  nuuericul  value  of  K  is  0.9  1  0.2. 

According  to  the  theory  of  the  stioulated  Ran an  proccsSj anti-Stokes 
radiation  is  generated  by  terms  of  the  fora  where  X  is  the 

u  U  6  fx 

susceptibility  at  uQ  ♦  ur  and  EQ  and  Ee  are  the  elotiric  fields  at  (eQ  and 
w0  -  Tho  generation  of  anti-Stokes  radiation  is  coupled  to  StoV.es 

radiation  and  the  direction  of  ctaxinsua  intensity  will  depend  on  tho 
direction  of  caxiEum  intensity  of  laser  and  Stokes  radiation.  Once  theco 
directions  have  been  established,  the  anti-Stokes  cone  angles  can  be 
deternined  from  the  cooentua  matching  condition. 

All  of  our  observations  can  be  explained  in  this  way  provided  that 
first-order  Stokes  radiation  is  predominantly  in  the  forward  direction. 

Thi3  condition  was  satisfied  in  our  experiment;  the  diamond  was  set  with 
polished  feces  approximately  perpendicular  to  the  bears  axis  so  that  who:: 
cit’ er  parallel  or  convergent  light  waa  incident  cn  tho  crystal,  Stokes 
radiation  along  the  beam  axis  v/ac  favoured.  Also,  spurious  scattering  of 
Stokes  radiation  within  the  crystal  cr  at.  its  surfaces  ensured  the  presence 
of  Stokes  radiation  at  half-angles  of  ~  6°  to  tnc  forward  direction. 

when  laser  and  Stokes  radiation  interact  to  produce  anti-Stokes 
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mission,  that  direction  will  be  preferred  which  makes  use  of  intense 
Stokes  radiation  closest  to  the  resonator  axis.  With  a  converging  inci¬ 
dent  beau  it  ir.  possible  to  couple  to  Stokes  closer  to  the  axis  and  still 
eatli  fy  the  phase  matching  conditions.  This  results  in  an  increase  in 
anti-Stokes  emission  angle  with  r./f,up  to  the  extreme  cane  of  anti-Stokes 
emission  at  0.053  +  0.064  radians  (nee  Table  I)  and  Stokes  radiation  on 
axis.  Experiments  were  performed  to  observe  the  behaviour  of  the  anti- 
Stokes  emission  at  values  of  a/f  greater  than  0,064  (Fig.  9).  Convergence 
angles  of  0.091  and  0.112  were  used.  In  both  earner,  the  cyst  era  vac  some¬ 
what  "confused"  giving  very  broad  emicsions.  With  a  convergence  angle  of 
0,112  radians,  two  maxima  were  present  in  the  anti-Stokes  emission.  Tho 
core  intense  one  corresponded  to  a  cone  angle  of  about  0.11  rad.  (with 
Stokes  along  the  axis) ,  and  the  weaker  ring  corresponded  to  an  angle  of 
0.15  rad.  (with  Stokes  slightly  off  axis  and  laser  radiation  at  the 
periphery  of  the  been). 

The  dependence  of  the  second-order  Stokes  emission  angle  on  con¬ 


vergence  of  the  laser  beam  further  illustrates  the  preference  cf  the 
higher-order  JUmnn  emissions  to  couple  to  Stokes  close  to  the  axis.  From 


the  wave  vector  diagram  in  Fig.  8,  it  in  seen  that,  with  increasing  angle 
of  the  laser  radiation,  first-order  Stokes  radiation  closer  to  the  axis  in 
effective  in  producing  second-order  Stokes  emission.  However,  the  emission 
angle  decreases  with  increasing  angle  of  convergence  of  laser  radiation. 

It  appears  to  reach  11  limiting  value  of  about  0.07  rad  (~  0.116  -  0.0-43) 
with  Stokes  radiation  cn  axis.  This  explains  the  ob  »t*rved  behaviour 
shorn  in  Fig.  C. 


It  is  also  evident  fron  the  above  explanation  of  the  importance  of 
beau  convergence-,  that  whan  a  cylindrical  lens  (or  a  spherical  lean  with 
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a  long  slit  ns  np>orture)  ie  used  to  focus  tho  Inner  beam,  the  "ring" 
pattern  will  bo  replaced  \  j  “elliptical"  patterns,  the  minor  axis  being 
determined  by  tho  cylinder  axis  (or  width  of  slit).  Koreovcr  maxima  of 
int  cnslty  will  occur  at  the  extremities  of  tho  major  cxie  produced  by 
converging  light,  since  the  gain  would  bo  largest  for  Ctohos  radiation 
closest  to  the  beari  axis.  "Elliptical"  patterns  exhibiting  these  features 
have  boon  observed  with  cnicite  and  with  Claes  1  radiution  in  liquids?0. 

An  example  of  euch  a  j attorn  obtained  by  focusing  with  a  cylindrical  lone 
in  diamond  is  ekowu  in  Fig*  10. 


Conclusion 


She  present  investigation  has  combined  the  study  of  the  stimulated 
Itectn  effect  in  a  solid  with  the  behaviour  of  a  Ham an  oscillator.  As  in 
an  earlier  study  with  liquid  0^  and  h’^,  the  stimulated  Raman  offect  in 
diamond  in  simplified  by  the  absence  of  self-focusing  nnd  stimulated 
Brillouin  scattering.  The  experimental  results  sire  consistent  with  theory, 
i’hifi  study  of  the  angular  properties  of  stimulated  emission  confirms  the 
earlier  results  obtained  with  cnicite,  and  extends  our  knowledge  of  the 
production  of  Class  I  radiation  in  solids. 

£>  Also,  in  this  study,  the  value  of  the  hssan  gain  determined  from 
the  measures  cr^Sij— sect  i-Oli  liners  loth  of  normal  Taman  scattering  giver, 

an  oscillation  threshold  which  is  in  reasonable  agreement  with  the  observed 
Value . 

we  are  grateful  to  L»r.  0.  Crun  for  r-.sintauco  with  the  intensity 
seas w r ernes C c  rad  to  ore*  a*  k#  stolen  use  u.  fox' 


discussions. 
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Comparison  of  theoretical  and  experimental  values  of  the 
emission  and  absorption  angles  (in  radians)  observed  in  diamond 

Emission  Angles  Absorption  Angles 


Frequency 

Expt . 

Theory 

Expt . 

Theory 

3 

<\J 

1 

O 

3 

0.116 

0.119 

(0.048)a 

0.043 

ft)0  +  Wr 

.053 

.053 

.060 

.064 

wc  v  2wr 

.103 

.104 

(.079) 

.071 

«o  +  3<»>r 

.158 

.152 

.079 

aValues  in  brackets  are  measurements  of  weak  and  broad 
absorption  rings. 
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Figure  Captions 


Fifi.  1  •'Jchenatic  diagram  of  apparatus  for  intensity  mousuronents* 

Explanation  of  symbol s;  7  -  attenuating  filter,  D  -  diaphragm, 
t  -  lenu,  K  -  spectrometer,  71!  -  photomultiplier  detector. 

t\  riff,  3  Near-field  patterns  of  (n)  laser  radiation  in  the  diamond 

crystal  belov  threshold  for  stimulated  7<:„r.cn  omission,  and  (b) 
stimulated  Stokes  radiation* 

Fig.  Z  Fd-jry-I’erot  interferogran  of  Stokes  radiation  chewing  two 

oscillating  nodes  separated  by  ~  C  J  cc"^.  Die  inter-order 
c pacing  it-  ~  3  c:.t**l. 

Fig.  h  :-b:poriv.entcl  curve  cf  i?ar.ar  Stokes  poser  versus  incident  loner 
power. 

Fig*  5  Experimental  curve-  of  norral  hr.  man  scattering  pov.-or  versus 
incident  laser  power.  The  arrow  indicates  the  onu  t  of 
oscillation . 

Fit;.  6  Graphs  of  eviction  angles  observe*!  for  first-  c.nd  cecond-order- 
n.ti-Stokcs  r  r.-T  AS->)  and  for  second-order  Stokes  (5-0 

radiation  as  a  function  of  inverse  focal  lengths  of  lenses 
used  to  focus  1,- .a or  radiation. 


Fig.  7  Graph  of  firsl-crder  inti-.  tc!  os  c: issicn  angle  as  a  function 
of  limiting  aperture  dinr  stcr  of  converging  laser  bo?  :n 
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Fi(j.  8  Diagrams  of  changer,  in  (a)  first-order  anti-Stokes  enircicn 

an^lot  and  (b)  second-order  Stokes  emiucion  angle,  with  change 
in  direction  of  first-order  St o!;c«  wavi  vector  1^. 

Fig*  9  Graph  of  first-order  anti-Stokes  emission  angle  an  a  function 
of  convergence  angle  of  ineidont  lanor  bean. 

Fig.  10  Elliptical  anti-Stokes  radiation  pattern  obtained  by  focusing 
Inset-  bean  tilth  a  cylindrical  lens. 
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High-Speed  Spectroscopy  Using  the 

* 

Inverse  Raman  Effect. 

R.A.  McLaren^  and  B.P.  Stoicheff 
Department  of  Physics,  University  of  Toronto 
T  ronto  131,  Canada 

'RACT 

A  method  of  obtaining  inverse  Raman  spectra  over  the  range 
of  frequency  shifts  ^  300  to  3500  cm  ^  in  liquids  and  solids  in 
i  time  of -n/  40  nsec  is  described.  The  stimulating  monochromatic 
radiation  at  6940  X  is  provided  by  a  giant-pulse  ruby  laser; 
the  background  continuum  is  the  short-lived  spontaneous  fluores¬ 
cence  of  rhodamine  B  or  6C  excited  by  second-harmonic  radiation 
(3470  X)  produced  in  KDP  from  a  small  part  of  the  main  laser 
beam,  thus  ensuring  simultaneous  irradiation  of  the  sample  by 
both  beams. 
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1. 


When  a  molecular  medium  Is  Irradiated  simultaneously  by  In¬ 
tense  monochromatic  light  at  frequency  v  ,  and  by  a  continuum  of 

Li 

higher  frequencies,  absorption  occurs  from  the  continuum  at 

frequencies  4-  where  is  a  Raman  frequency  of  the  medium. 

This  phenomenon,  known  as  the  inverse  Raman  effect  has  been  re- 

1-4 

ported  by  a  number  of  authors  ;  but  its  usefulness  has  been 
severely  limited  by  the  lack  of  a  suitable  source  of  continuum. 

In  order  to  observe  this  effect,  a  high  electric  field  at  fre¬ 
quency  is  required,  such  as  that  produced  by  a  giant-pulse  ruby 
laser.  In  addition,  the  continuum  and  the  laser  pulse  must  be  co¬ 
incident  as  they  pass  through  the  scattering  medium;  and,  for 
photographic  detection,  the  continuum  must  last  no  longer  than  the 
laser  pulse.  A  good  continuum  must  be  broad  enough  to  cover  a 
wide  range  of  Raman  frequencies  v^,  and  sufficiently  intense  to  be 
detectable  despite  its  short  duration. 

Previous  authors  have  used  broad  stimulated  anti-Stokes  Raman 

12  3  A 

emission  ’  ’  and  sparks  as  continuum  sources,  but  neither  or 

these  has  proved  completely  satisfactory.  This  Letter  reports 

the  use  of  two  fluorescing  organic  dyes,  rhodamine  6G  (2.0  x  10  M 

-  3 

in  methanol)  and  rhodamine  B  (2.0  x  10  M  in  ethanol)  as  continuum 
sources.  Both  of  these  dyes  absorb  very  strongly  at  3470  X,  the 
second  harmonic  of  the  ruby  laser  emission,  and  both  have  intense 
fluorescence  bands  extending  from^  5600  X  to  ^  6800  X.  This  is 
sufficient  spectral  breadth  to  cover  Raman  shifts  from  300  cm  *  to 
3500  cm  *  when  the  stimulating  radiation  is  the  ruby  laser  emission 
at  6940  X.  The  fluorescence  lifetime  of  rhodamine  6G  has  been 
reported  as  5.5  nsec"*,  sufficiently  short  to  provide  good 
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coincidence  with  the  laser  pulse. 

The  experimental  arrangement  is  shown  in  Fig.  1.  A  ruby 

laser  Q-switched  by  a  rotating  prism  produced  the  stimulating 

radiation  at  vT  in  a  single  pulse  with  full-width  at  half- 

maximum  of  «v»  40  nsec  and  with  energy  equal  to  0.30  joules. 

Approximately  3%  of  the  laser  emission  was  converted  to  2v^  in  a 

crystal  of  phase-matched  KDP.  Radiation  at  and  2v^  was  then 

separated  into  two  beams^ by  a  glass  prism.  The  3470  X  radiation 

was  incident  upon  a  1  mm  thickness  of  dye  solution  contained  in  a 

glass  cell.  The  resulting  normal  fluorescence  continuum  along 

with  the  laser  beam  v  was  then  trapped  by  total  internal  reflec- 

L 

tion  in  a  glass  capillary  cell  containing  the  scattering  liquid. 
This  ensured  spatial  coincidence  between  the  stimulating  radiation 
and  the  continuum.  The  capillary  cell  had  inner  and  outer  dia¬ 
meters  of  2.4  mm  and  4.0  mm  respectively,  and  was  15  cm  long;  the 
electric  field  inside  the  capillary  was  estimated  to  be 
a/1,2  x  105  V/cm.  The  exit  end  of  the  cell  was  imaged  on  the  slit 
of  a  grating  spectrograph  having  a  dispersion  of  10  X/mm.  Spectra 
were  recorded  on  Kodak  IF  photographic  elates  and  on  Polaroid 
film.  With  a  slit  width  of  100  y,  the  intensity  of  the  back¬ 
ground  continuum  at  larger  frequency  shifts  was  sufficient  to 
record  spectra  in  a  single  laser  pulse;  however  in  the  region  of 
smaller  frequency  shifts  (i.e.  longer  wavelengths)  several  pulses 
were  required  to  accumulate  sufficient  continuum  intensity. 

Inverse  Raman  spectra  of  diamond  and  of  liquid  benzene  and 
toluene  have  been  photographed  using  the  above  technique  and  are 
shown  in  Figs.  2  and  3.  In  Fig.  2a  is  shown  the  spectrum  of  the 
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continuum  alone  after  passing  through  a  15  cm  path  length  of 
benzene;  in  Fig.  2b  is  shown  the  spectrum  obtained  when  both 
monochromatic  and  continuum  beams  traverse  the  benzene  sample. 

It  should  be  noted  that  several  weak  vibrational  bands  are 
readily  observed,  in  addition  to  the  intense  "C-H  stretching" 
band  (which  is  the  only  one  observed  in  this  region  in  stimulated 
Raman  emission).  Since  the  same  matrix  elements  of  the  polariz¬ 
ability  are  involved  in  the  inverse  Raman  effect  as  in  normal 
Raman  emiscion,  the  same  selection  rules  relating  to  the  state  of 
polarization  of  the  incident  and  scattered  radiation  apply.  This 
is  demonstrated  qualitatively  in  Fig.  2c  which  shows  the  effect 
of  various  states  of  polarization  of  the  monochromatic  and  con¬ 
tinuum  radiation  on  the  appearance  of  the  strongly  polarized 
line  at  3062  cm  *  and  its  depolarized  neighbour  at  3047  cm  The 

laser  emission  vL  was  plana  polarized.  In  the  upper  spectrum  the 
continuum  was  unpolarized;  the  3062  cm  *  absorption  line  is  strong 
while  the  3047  cm  ^  line  slightly  to  the  right  of  it  is  extremely 
weak.  In  the  middle  spectrum,  the  continuum  has  been  polarized 
perpendicular  to  the  laser  polarization;  the  3062  cm  ^  absorption 
Is  much  weaker  appearing  equal  to  that  at  3047  cm  *.  In  the  bot¬ 
tom  spectrum  the  continuum  has  been  polarized  parallel  to  the 
laser  polarization;  only  the  3062  cm  ^  line  appears.  In  Fig.  3 
are  shown  the  spectra  of  benzene  and  toluene  in  the  region  of 
the  "C-C  stretching"  bands,  and  In  addition  the  sharp  band  at 

1332  cm  ^  of  diamond  obtained  from  a  cross-sectional  area  of 
-2  2 

~5  x  10  cm  of  a  crystal  2.4  mm  thick. 

The  use,  of  fluorescing  organic  dyes  as  sources  of  continuum 
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has  made  it  possible  to  photograph  Raman  spectra  covering  a  wide 
range  of  molecular  frequencies  in  a  time  of  40  nsec.  Such 
spectra  may  be  useful  in  the  study  of  short-lived  molecular 
species  and  of  transient  phenomena,  including  for  example,  Stark 
and  Zeeman  effects  in  pulsed  electric  and  magnetic  fields.  It 
should  be  possible  to  reduce  the  time  to  the  subnanosecond  range 
and  perhaps  to  30  psec  (and  st.ll  obtain  a  resolution  of 
<•*1  cm  ^ )  by  using  mode-locked  lasers  to  produce  the  stimulating 
radiation.  This  would,  of  course,  necessitate  an  equally  shor'- 
duration  continuum  of  high  intensity,  perhaps  produced  by  a 
mode-locked  dye  laser. 


5. 


REFERENCES 


1. 


2. 


3. 


4. 


5. 


6. 


W.J.  Jones  and  B.P.  Stoicheff,  Phys.  Rev.  Letters  1^3,  657 
(1964)  . 

A.K.  MacQuillan  and  B.P.  Stoicheff,  Physics  of  Quantum 

Electronics ,  ed.  by  P.L.  Kelley,  B.  Lax,  P.E.  Tannenwald; 
McGraw-Hill  Book  Company,  New  York  (1966),  p.  192. 

J.A.  Duardo.  F.M.  Johnson  and  M.A.  El-Sayed,  Phys.  Letters 
21,  168  (1966). 

S.  Duroartin,  B.  Oksengorn  and  B.  Vodar,  Comptes  rendus 
261,  3767  (1965). 

A.J.  DeMaria,  private  communication  (1968). 

In  preliminary  attempts  to. produce  inverse  Raman  spectra  the 
beams  were  not  separated  and  both  beams  were  incident 
on  the  dye  cell.  However,  the  presence  in  the  dye  cell 
of  the  intense  field  at  greatly  reduced  the  intensity 

of  the  normal  fluorescence  making  this  simple  geometry 
impractical.  The  mechanism  responsible  for  this  effect 
is  not  understood. 
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Fig.  1. 
Fig.  2. 


Fig.  3 


FIGURE  CAPTIONS 

A  schematic  diagram  of  the  apparatus. 

Inverse  Raman  spectrum  of  liquid  benzene  in  the  region 
of  the  C-H  stretching  vibration. 

(a)  continuum  after  traversing  a  15  cm  length 
of  benzene,  (b)  spectrum  obtained  when  mono¬ 
chromatic  beam  at  vL  and  continuum  traverse  the 
liquid,  (c)  spectra  obtained  when  continuum  is 
unpolarized  (upper),  polarized  perpendicular  to 
laser  beam  (middle)  and  polarized  parallel  to 
laser  beam  (lower). 

Inverse  Raman  spectra  of  diamond,  and  liquid  toluene 
and  benzene  in  the  region  of  the  C-C  stretching 
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